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Abstract 
There has been a continuous decline in both the production and general performance of the 
SRO in NSW estuaries over the past three decades. The relationship of this decline to both 
environmental and oyster-density related factors are assessed in this thesis. This question has 
been examined at different scales: a large scale that compares two different estuaries (Clyde and 
Shoalhaven Rivers, southern NSW); a regional scale that encompasses variations within an 
estuary and, at a lease scale that examines processes pertaining to individual or small groups of 
oysters. Levels of inorganic nutrients were in general very low potentially limiting primary 
production. The limiting nutrient was nitrogen or phosphorus depending on whether long term 
conditions were dry or wet, respectively. Only during rain events, through the input of terrestrial 
material, were conditions favourable for fast rates of primary production. Carbon and nitrogen 
isotope analysis has demonstrated that both external material and local resuspension of the 
benthos constitute a major proportion of the SRO diet. The uptake of the various food sources 
also varied considerably depending on local environmental conditions. Increases in SRO growth 
were strongly correlated to increases in temperature with a low temperature cut-off at ~13°C. 
Growth also appeared to reduce considerably when salinities lower than ~15ppt persisted for the 
order of a month. These factors may alter growth through changes in filtration rates. These 
processes were modelled in a coupled hydrodynamic-NPO (Nitrogen-Phytoplankton-Oyster) 
model of the Clyde River. This demonstrated that primary production was more affected by 
estuarine dynamics and nutrient concentrations than oyster uptake. At the current levels of 
oyster densities, primary production by itself could not account for the observed oyster growth, 
however growth became realistic with observed levels of POC added to the model. A set of 
environmental indices were used to complement the model and to assess the sustainability of the 
culture system. The combined indices indicated that while the ecological carrying capacity of 
the Clyde was exceeded the production capacity at an estuarine scale was not. On the lease 
scale, density experiments showed that while growth was not reduced as a result of current 
stocking densities, the condition index was significantly affected. 
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Glossary 
 
Adductor muscle – oyster organ whose function is to close both shells tightly 
Aerobic – oxygen present 
Anaerobic – oxygen absent 
Anterior – area of the oyster shell where the hinge is located 
ANZECC – Australian and New Zealand Environment and Conservation Council. ANZEEC 
compiled the ‘Australian Water Quality Guidelines for Fresh and Marine Waters’. 
Guidelines for sustainable management of the water resources 
ASS – acid sulfate soils 
Australian Height Datum (AHD) – a reference water level corresponding approximately to 
mean sea level 
Benthos – material and organisms which inhabit the seabed  
Biodeposits – oyster depositions which comprised true faeces and pseudofaeces 
Bistro grade – oysters that weigh ~40-45g/ each. One bag of bistro has 110 dozen oysters 
Bottle grade – oysters that weigh ~35g/ each. One bag of bistro has 130 dozen oysters 
Broodstock – a parent shellfish 
Catching area – area for the collection of wild juvenile oyster spat which settles onto 
‘catching’ substrates such as sticks or plastic slats 
Carrying capacity – the maximum oyster biomass sustaining a marketable growth rate, 
supported by a given area as a function of the water residence time, system primary 
production time, and oyster clearance rate 
Chl-a – Chlorophyll-a, estimate of the phytoplankton biomass (measured in µg L-1) 
C.I.—Condition Index measured as the ratio of dry flesh to shell weight 
Cilia – small hair-like structures that are part of the gill which create water currents through the 
mantle cavity and are involved in the removal of particles from the water column 
Clearance rate – amount of particles cleared from a volume of water per unit of time 
(measured in mg L-1) 
Culling – the manual division of clumps of oysters into single oysters or the removal of 
organisms which attach to oyster crops 
δ13C & δ15N – ratios of 13C/ 12C and 15N / 14N which are the difference between the sample and 
conventional standards in isotope analysis e.g. Pee Dee belemnite limestone carbonate for 
carbon and air for nitrogen. 
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Depot area – growing area where blocks of catching sticks bound together are used; this 
structure provides protection enabling the oysters to grow to a size that can withstand 
predation by fish 
Depuration – a cleaning process that requires oysters to be placed in a sterilised recirculation 
tank for 36 hours. During this period oysters cleanse themselves by filtering bacteria-free 
water 
Detritus – small pieces of dead and decomposing plants and animals 
DIN – Dissolved Inorganic Nitrogen, comprises NOx and NH4+ (measured in  
mg N L-1) 
DLWC – Department of Land and Water Conservation 
DO – dissolved oxygen (measure as percentage saturation or mg L-1) 
DOC – Dissolved Organic Carbon (measured in mg C L-1) 
DW – dry weight (measure in g or mg) 
EC – electrical conductivity (measured in mS cm-1) 
Endemic – native to a particular area and found in no other location 
Environmental Index – (EI) a functional performance indicator that asses the environmental 
potential characteristics of a system 
Epifauna – animals living on the surface of the ocean bottom 
Eutrophication – water body enriched with nutrients that results in excessive growth of 
organisms and depletion of oxygen concentration due to uptake in biological processes 
Faeces – material that has gone through the digestive system and has been excreted 
Filtration rate – amount of water volume and suspended particles taken up by the oysters 
(measured in L h-1) 
Floating cultivation – sub-tidal cultivation of oysters in baskets, pillows or tumblers suspended 
from tethered, low buoyancy systems that may include lines and/or floats 
Flushing time – the amount of time taken on average to turn over an amount of water in a tidal 
waterbody  
GF/F – glass microfibre filters of pore size 0.7µm 
Hinge – anterior area of the shell where there is a ligament that functions as a pivot point of 
both valves 
Labial palps – soft flaps at the mouth of the oyster whose function is to select the particles that 
are going into the digestive system. The rejected material is engulfed in mucus, forming 
what are called pseudofaeces 
Mantle – a flap of flesh that covers the internal organs of an oyster 
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Microphytobenthos – the microscopic flora community embedded in the first centimetre of 
sediment that in the interface between pelagic and benthic processes, in particular in 
aquatic systems 
Mudworm – oyster disease caused by the spionid polychaete worm (Polydora websteri) 
NH4+ -- dissolved ammonia (measured in mg N L-1) 
NOx -- dissolved organic nitrogen, including nitrate and nitrite (measured in mg N L-1) 
NSW – New South Wales 
ppm – parts per mil  
pH- a measure of the acidic or basic (alkaline) conditions in an aqueous solution (a measure of 
the hydrogen ion concentration H+) 
Phao – Phaeopigments, estimate of the numbers of dead algae cells (measured in  
µg L-1) 
P.I. – Performance Index. Oyster biomass index suitable for comparing oyster production 
between areas 
PIM – particulate inorganic matter (measured in mg L-1)  
Plate grade – oysters that weigh ~45-50g/ each. One bag of Plate has 100 dozen oysters 
POM – particulate organic matter (measured in mg L-1) 
ppt (‰) – parts per thousand, typical unit for measuring salinity 
Pseudofaeces – particles filtered from the water column that have been rejected before entering 
the digestive system 
PVC – polyvinyl chloride 
Oyster aquaculture lease – an area of submerged Crown Land that is leased for the purpose of 
oyster culture 
QX – ‘Queensland unknown’, a Sydney rock oyster disease caused by the protozoan parasite 
Marteilia sydneyi 
Raft – sub-tidal cultivation of oysters in trays (generally stacks of 10 trays) suspended from a 
permanently anchored, rigid, high buoyancy structure 
Rejection rate – total pseudofaeces production per unit of time (measured in mg h-1) 
Residence time – time taken for an amount of water at an arbitrary location within a waterbody 
to leave through its mouth to the sea 
Salinity (S) – the amount of salt contained in water (measured in ppt) 
Seston – suspended material in the water column (organic and inorganic) 
Single seed oyster/ cultivation– a single unattached oyster that has been removed at an early 
stage from catching collectors or produced as single oysters in a shellfish hatchery 
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SL – Shell Length, measurement from the anterior (shell hinge) to posterior edge at the furthest 
point of the oyster (measured in mm) 
Spat – small juvenile oysters (term used up to c. 1.5 yrs old) 
SRO- Sydney Rock Oyster (Saccostrea glomerata) 
ST – Shell Thickness, measurement at the thickest point between right and left valve (measured 
in mm) 
Stick oyster/ cultivation – 4x4cm wooden stick which provides a substrate for larvae 
settlement which is transportable when relocating oysters within farming grounds. This 
cultivation method is suitable for areas subject to wave action. Oysters remain attached to 
the sticks for approximately 2.5-3 years 
Stocking density – number of oysters per given area or volume 
SW – Shell Width, measurement at the widest point of the flat or right valve (measured in mm) 
TOC – Total Organic Carbon (measured in mg C L-1) 
Tray cultivation – growing-out system for single seed oysters. This method is suitable for use 
in sheltered areas and is often used for the final oyster cultivation stage prior to harvest 
TSM – Total Suspended Matter (measured in mg L-1) 
TW – Total weight or wet weight (measured in g) 
Valves – the two shells holding the oyster flesh; in the SRO the left valve is cupped and the 
right valve is flat 
Winter mortality – oyster disease caused by the proctoctistan parasite Mikrocytos roughleyi 
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Chapter 1: The Sydney Rock Oyster Industry: 
Introduction and Background to This Study 
 
Oysters are key indicators of the health and performance of aquatic systems. They play a 
major role in most of the ecological processes taking place in near coastal and estuarine systems 
including regulating biodiversity, populations and food web dynamics (Ruesink et al., 2005). 
Oysters are also important in coupling pelagic and benthic processes by consuming suspended 
particles from the water column and depositing wastes and unwanted material (Dame et al., 
2000; Newell et al., 2004). Large amounts of nutrients linked to different components of the 
seston in the water column are taken up and recycled by oysters thereby influencing conditions 
in their habitats. Oyster loss from a system, through harvesting, disease, water pollution or low 
food levels, may result in dramatic alterations in coastal ecosystems (Ruesink et al., 2005).  
In some regions, oyster production is both economically and culturally important and 
sustainable management of growing areas and upstream catchments is a priority. Oysters are 
cultivated in both estuaries and coastal waters. Different processes govern each of these 
habitats. Nutrients and food for oysters may come from different sources resulting into different 
oyster performance levels. Estuaries receive highly variable external inputs from both the 
marine and the terrestrial environments and their behaviour is a result of complex interactions 
between physical, geological, chemical and biological processes (Songsangjinda et al., 2000). 
They are often adjacent to wetlands, mudflats and saltmarshes, which play an important role in 
maintaining conditions favouring oyster growth and cultivation. In many cases, however, the 
catchments of estuaries have high human population densities, and significant industrial or 
agricultural development (Murphy et al., 2003), These are often associated with increased 
nutrient loads and sedimentation levels and poor water quality that are potentially detrimental to 
filter feeders (Newell et al., 2004; Cerco and Noel, 2005). 
The predominance of bivalves in coastal ecosystems affects the cycling of materials in 
these systems due to bivalve physiological activities. These animals not only trap suspended 
material but also regenerate and mineralise materials in the water column, resulting in nutrient 
recycling. The importance of bivalves to the biological and chemical dynamics in coastal areas 
is widely recognised (Officer et al., 1982; Dame et al., 1989; Asmus and Asmus, 1991; 
Songsangjinda et al., 2000). Oyster cultivation systems operate at low trophic levels and require 
no external food inputs. These systems, in general, have no deleterious impacts on aquatic 
systems. High oyster stocking densities, however, could significantly alter both the natural 
ecology and the health and growth of the cultivated species, particularly when the carrying 
capacity of a region is exceeded. Understanding the ecological processes that take place in 
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oyster growing estuaries and their influences is critical to ensuring the sustainability of both 
estuary management and oyster production. 
The carrying capacity of most oyster production estuaries in eastern Australia has not been 
determined. This thesis examines the factors affecting carrying capacity in two southern NSW 
estuaries. The key physical, chemical and biological processes in two southern NSW oyster 
producing estuaries are studied quantitatively. The hydrodynamics of the estuary, its salinity and 
temperature regimes were monitored over a two-year period. The nutrient and phytoplankton 
dynamics have also been measured and the growth response, mortality and condition of oysters 
were followed. The sources of food selected by oysters were identified through the use of stable 
isotopes. These measurements were used to develop a simple coupled flow, nutrient, 
phytoplankton and oyster growth model to integrate the processes occurring in the water column 
and during the growth of cultivated oysters. The model is used to explore the relative 
importance of the assumed key processes and their sensitivity to estuarine stocking densities. 
Finally a complementary and possibly more useful approach to estimate the ecological and 
production carrying capacities, especially for oyster growers, consists of a simple set of 
environmental performance indices that assess the relative roles of primary production, 
estuarine dynamics and oyster clearance in such a way as to ascertain whether the various 
carrying capacity measures are exceeded.  
1.1 World oyster production 
The Food and Agriculture Organisation’s (FAO) State of World’s Fisheries and 
Aquaculture (SOFIA) 2002 report concludes that half of the world’s marine fisheries stock is 
fully exploited, with most fisheries having almost reached their maximum sustainable 
harvesting limits. The world’s continuous increase in population has led to overfishing of wild 
stocks. Aquaculture currently represents around 30% of total global seafood production and will 
continue to play an important role in alleviating the pressure on wild capture fishery resources. 
The aquaculture sector is growing more rapidly than other animal producing sectors with an 
increase of 8.9% per year since 1970 compared with 1.2% for capture fisheries and 2.8% for 
terrestrial meat producers (FAO, 2004).  
Bivalve cultivation is potentially one of the most sustainable forms of mariculture because 
it uses extensive rather than intensive cultivation and targets species with a low trophic position 
in aquatic food webs. It does not require artificial food input as the animals extract their 
nutrition principally by the filtration of microscopic particles such as in the water column: 
phytoplankton, microphytobenthos and different types of organic detritus from the water 
column (Scholten and Smaal, 1998; Hawkins et al., 2001). In addition, oyster culture, in 
comparison with other mollucs, requires less investment in infrastructure and husbandry. 
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Cultivation of oysters is far from a recent innovation. There is evidence that the Japanese raised 
oysters as early as 2,000 B.C. while the Romans appear to have also adopted similar techniques 
from about 100 B.C. (Malcolm, 1971). 
In the European Union (EU), native or flat oysters oysters (Ostrea edulis), and introduced 
cupped oysters, a group that includes Pacific oysters (Crassostrea gigas), are the species most 
widely farmed. Over 95% of the world’s oysters now marketed are not native to the areas in 
which they are being farmed. This is mainly due to the worldwide production of introduced 
disease-resistant and fast-growing Pacific oysters (Love and Langenkamp, 2003; Ruesink et al., 
2005). Native oysters make up the remaining 5% of worldwide oyster production. There is a 
pressing need to secure the long-term viability and sustainability of such native species.  
In this thesis the environmental factors affecting the sustainability of the native Sydney 
rock oyster (Saccostrea glomerata) production in the State of New South Wales, Australia, will 
be examined.  
1.2 Oyster production in Australia 
The value of aquaculture production in Australia increased over the past decade from $494 
million in 1994-95 (in 2003-04 dollars) to $732 million in 2003-04 (FAO, 2004), but has 
levelled out during the last 5 years. In 2002/03 New South Wales contributed 7% of the total 
value of Australian aquaculture based mainly on edible oysters, both Sydney rock oysters and 
Pacific oysters.  
 
Figure 1-1: The distribution of the Sydney rock and Flat oysters along the Australian 
mainland coast 
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Oyster production in Australia involves five species. The distribution of the Sydney rock 
oyster (SRO), Saccostrea glomerata extends from the Victoria/NSW border on the east coast, 
across the tropics and along the west coast in Western Australia to latitude 25º S (Figure 1-1). 
The Pacific oyster, Crassostrea gigas, is cultivated in Port Stephens, the Hawkesbury and 
Georges Rivers in NSW as well as in South Australia and Tasmania. The Flat oyster, Ostrea 
angasi is distributed around Tasmania and along the southern Australian mainland coast from 
the southern coast of Western Australia to the northern estuaries of NSW. Finally two species, 
the milky oyster, Saccostrea cucullata, and the black-lip oyster, Striotrea mytiloides occur in 
tropical areas. During the last 3 years, oyster production in Australia has increased significantly, 
especially in South Australia and Tasmania, but has remained relatively stable in New South 
Wales and Queensland despite the introduction of improved growing techniques (Table 1-1).  
 
Table 1-1: Quantity (tonnes) and value ($ ‘000) of oyster production in Australia by state 
 
 NSW QLD SA TAS1 
 Tonnes $ ‘000 Tonnes $ ‘000 Tonnes $ ‘000 Tonnes $ ‘000 
1999-00 5,241 30,089 160 674 1,761 9,389 2,493 13,176 
2000-01 5,142 31,621 91 442 2,055 11,011 2,272 12,007 
2001-02 5,507 31,538 116 520 2,425 13,303 2,188 11,566 
2002-03 5,603 34,700 150* 693 2,706 15,116 3,125 11,561 
2003-04 5,650* 37,921 150* 750 4,382 21,152 3,243 11,998 
Notes:* Oyster Farmers Association (OFA) estimates 
Source: (ABARE, 2004; OFA, 2005) 
 
Oyster leases in estuaries are sometimes located in highly populated or developed 
catchments where there is high risk of anthropogenic impacts. Consequently, increasing coastal 
development has made oyster farming one of the most vulnerable aquaculture industries in 
Australia.  
1.3 History of oyster production in New South Wales 
The gross value of aquaculture in NSW increased by 16%, from $43.7 million in 2001/02 
to $50.6 in 2002/03, mainly as a consequence of the increase in production of oysters (ABARE, 
2004). The SRO industry is Australia’s oldest post-European settlement aquaculture industry, 
and, in NSW is by far the state’s most valuable aquaculture industry. It produces 80% of the 
                                                     
1 Anecdotal evidence and production data do not support a 50% increase of oyster production in 
Tasmania for the period 2002-03. It seems that this increase reflects trades within the industry 
rather than retail sales to the consumers. Source: (OFA, 2005) 
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total aquaculture output of the state (White, 2001). This industry is also one of the State’s most 
valuable agricultural enterprises on an area basis with long term gross average annual 
production of $8,000/ha across the state, reaching values as high as $35,000/ha in some NSW 
estuaries (White, 2001). In 2003/04 the total area under oyster production in NSW was 3,121 ha 
with 378 permit holders and approximately 2,600 oyster leases (NSW DPI, 2004). The SRO 
industry is mainly composed of small farmers, employing on average 2-3 workers, and spreads 
over 32 estuaries along the NSW coast. The largest proportion (23%) of the oyster growers 
produced between 50 to 100 bags/yr2, while only 10% of the growers produced more than 500 
bags/yr (NSW DPI, 2004). Many of the current oyster farmers run family enterprises in which 
they are the fourth or even fifth generation of growers. While these oyster dynasties have 
inherited several generations’ worth of artisanal knowledge, current challenges and increasing 
pressures on fisheries require new ideas, new information and improved technologies. 
Sydney Rock Oyster (Saccostrea glomerata) cultivation in Australia commenced 
simultaneously in New South Wales (NSW) and southern Queensland around the 1870s 
(Malcolm, 1987; Nell, 1993). However, there is a much longer history of the use of natural 
stocks of oysters in NSW. Aboriginal kitchen middens, commonly found along the NSW coast, 
contain shell deposits carbon-dated to 6,000 B.C (Malcolm, 1971). Soon after European 
colonization in 1788, oysters were not only collected for food but also for lime production by 
burning oyster shells for making mortar. Population and oyster exploitation increased 
concomitantly, and together with the relatively sudden occurrence of mudworm, they resulted in 
the depletion of natural oyster stocks. This situation led to the introduction, in 1868, of 
legislation prohibiting the burning of live oysters for lime, and enforcing the establishment of 
culture practices (Malcolm, 1971).  
Around 1870, the first systematic oyster cultivation was set up in the Georges River 
estuary south of Sydney based on the French system of growing oysters in canals. This system 
did not succeed due to high mortality rates, perhaps due to mudworm infections, and siltation on 
the oysters (Roughley, 1892) so farmers started to use other cultivation methods, discussed 
below. In 1884 the Oyster Fisheries Act was introduced (Oyster Culture Commission, 1877) to 
regulate the gathering of oysters and the leasing of oyster beds. 
                                                     
2 It has been estimated that: 
-1 bag of Plate grade oysters holds approximately 100 dozen oysters 
-1 bag of Bistro grade oysters holds approximately 110 dozen oysters 
-1 bag of Bottle grade oysters holds approximately 130 dozen oysters 
An approximate conversion to production by weight can be made at a rate of 14 bags to the 
tonne 
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Cultivation methods in NSW have changed considerably since these early days. Initially, 
sandstone rocks or stone leases were used on which oyster spat were captured and grown out. 
Later, mangrove sticks took over as movable clutch material that could be easily transferred to 
different areas and different estuaries. The occurrence of mudworm meant that oysters could not 
be grown sub-tidally but required intertidal cultivation with oysters exposed to the air for at 
least 30% of the time during low tide. Later, other materials such as fibrous cement – slats, 
tarred hardwood stakes and cement-coated stakes were used to catch and growout oysters. 
Stock, up until recently, depended on natural spatfall, which is quite variable across NSW 
estuaries and some estuaries were used as sources of spat supply for others. As a consequence, 
various catching methods are used which lead to stick or single seed cultivation. Recently 
hatcheries have been used to produce faster growing or more disease-resistant spat. 
The NSW oyster industry has used the spatial variation in environmental characteristics 
within estuaries to select different farming grounds for the different stages of the oyster farming 
cycle: catching, depot or nursery, grow-out and harvest (a 3-4 year cycle). The morphology and 
the various physico-chemical characteristics found along the estuaries provide a range of 
conditions that affect oyster growth at different oyster development stages. Growers aim to 
maximise growth by moving oysters from one location to another within the estuary. Oyster 
spat are normally caught in the more saline lower reaches of the estuary and are moved to less 
saline, higher nutrient areas for growth and fattening. Currently, some growers are varying their 
management as a consequence of the introduction of new technologies such as plastic trays and 
electronic grading machines. As a result, some of the areas that were allocated for harvesting are 
now also used for growing-out, especially if these areas are close to their land-based sheds and 
so minimise travel time.  
By the 1900s oyster cultivations had spread along the entire NSW coast. During the decade 
1940-50s, the NSW SRO industry had relatively constant levels of production (Figure 1-2). In 
1970, production dramatically increased from 6000 to 8400 tonnes (wet weight) due 
improvements of in production methods, large scale movement or relaying of oysters between 
estuaries and the increase of lease area, which was allocated at farmers’ requests without any 
systematic assessment of suitability. Production reached its maximum in 1976/77 (~140,000 
bags) and stabilized at around 120,000 bags per year into the early 1980s. During this period, 
meat yields (wet weight) from the best areas in NSW were 2000 kg/ha/yr for sticks and 5400 
kg/ha/yr for tray cultivation (Wisely and Reid, 1978). Since the late 1970s, SRO production in 
NSW and state-wide average productivity (oysters/ha/yr) have consistently declined despite the 
introduction of new technologies (White, 2001). This decline has been attributed to many 
different factors, which are described in section 1.4. Currently, the annual oyster production has 
stabilised at around 70,000 bags (8 million dozen) (NSW DPI, 2006). 
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Figure 1-2: Annual NSW Sydney rock oyster production 1938/39 to 2003/04 
Source: (NSW DPI, 2006) 
From 1955 until the present, 50% of the total SRO production has always been from only 
three top producing estuaries, although the actual top three estuaries, which include Port 
Stephens, Georges R, Manning R, Wallis Lakes, Hawkesbury R, Clyde R, have varied over this 
period due to a number of factors, including disease outbreaks, particularly QX disease in 
Moreton Bay, Queensland, and the North Coast of NSW from the Tweed to the Clarence Rivers 
in the 1980s. More recently, QX outbreaks in estuaries in the Sydney region, the Georges River 
in 1994, and in the Hawkesbury River in 2004 have devastated local SRO production in those 
estuaries. The reduction in SRO production in Port Stephens, which was formerly the source of 
90% of wild caught SRO spat for other NSW estuaries, was due to the introduction of Pacific 
oysters (Crassostrea gigas) in the mid 1980’s.  
These problems have resulted in an increase in importance of production from some of the 
southern estuaries. For example, the Clyde River estuary, a major focus of the experimental 
work of this thesis, has recently become the second largest producer in NSW. In 1997/98 it was 
only the fifth. Figure 1-3 shows the ten largest oyster producing estuaries with marketable 
oyster sizes and total number of oysters produced in 2004/05. The southern estuaries (south of 
the Georges River) contributed on average 13% of the total NSW SRO production until the 
early 1990s (Figure 1-4). This low percentage is mainly due to higher water temperatures in the 
northern NSW estuaries allowing oysters to grow faster and remain in good condition all year 
around (Rob Moxham, Hawkesbury R., pers. comm., 2004). During the last 15 years, the 
southern estuaries’ contribution to total NSW SRO production has increased to 28%, not 
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because of an increase in their production but because of a decrease in production from northern 
estuaries. Despite the lower production rates in the southern rivers, urban development in their 
catchments is less than in the northern regions (Chen, 2006). 
10 top SRO producing estuaries 2004/05
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Figure 1-3: Total number of bags by market size grade produced in the top 10 Sydney 
rock oyster producing estuaries in NSW for the financial year 2004/05  
Notes: Market size classes vary between estuaries and businesses. A size class 
approximation is as follows: Bottle (~31-33g); Bistro (~38-43g); Plate (47-50g)  
Source: (NSW DPI, 2005) 
 
Farmers of the southern NSW SRO industry believe that oysters now require longer to 
reach the minimum marketable size (from 3 to 4 years) and, in some estuaries, only a small 
proportion of the stock will ever reach a premium size. For example, in 2000, some Clyde River 
growers produced 80% of their annual production as Plate grade (~50g/ each oyster). Three 
years later, this grade amounts to only 20% of the annual output (Audrey Thors, Clyde R., pers. 
comm., 2003). There is a consistent trend of large size marketable oysters (Plate oysters, ~50g) 
being replaced by smaller oysters (Bottle oyster, ~33g) in most of the oyster producing 
estuaries, independent of geographical location or production scale. Figure 1-5 shows the 
historical shift in the size of marketable oysters that occurred in the late 1990s for the top five 
estuaries at the time representing most of the geographical regions in the NSW coast. An 
exception to this is Port Stephens as Pacific oysters are cultivated there also, accounting for a 
large proportion of the oyster production there.  
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Contribution of the southern estuaries on NSW SRO production (1944-2005)
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Figure 1-4: Percentage contribution of the southern estuaries on total NSW Sydney rock 
oyster production for the period 1944 to 2005 
Notes: The southern estuaries group comprises all the oyster producing waterways 
south of Georges R (Sydney). There is a list of miscellaneous waterways that have 
not been taken into consideration because the production was very low  
Source: NSW DPI Fisheries, unpublished Data 
In some NSW locations, experimental SRO selected breeding line programs initiated by 
NSW DPI Fisheries have shown improvements of 14-23 % in mean whole weight of oysters 
after an 18 month grow-out. This represents a reduction in time to market size (50g whole 
weight) of 3 months (Nell et al., 1999; Nell et al., 2000). More recent results showed an average 
reduction in growout time to market size of 12.5 months (Nell and Perkins, 2005). The longer 
the oysters remain in the culture system, the more vulnerable they are to diseases such as winter 
mortality, QX disease, mudworm and kills caused by heat or predators.  
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Figure 1-5: Oyster size grades sold during the period 1994-2005 for the five top NSW 
oyster producing estuaries in 2005 
Source: NSW DPI Fisheries, unpublished Data 
 
The SRO industry in NSW has been in a state of slow decline over the last 35 years 
(Figure 1-2) despite the introduction of new technologies such as single seed production, 
introduction of more durable materials such as plastic, more sophisticated boats and equipment, 
and increased capital investment for newer cultivation methods. Production appears to have 
stabilised over the last decade despite the collapse of the Georges and Hawkesbury River 
fisheries due to QX disease outbreaks. Growers have achieved this by reducing labour and 
production costs to regain profitability, by increasing cash flow with the shift to selling smaller 
oysters, and by adopting new cultivation techniques. The major drivers are the change to single-
seed culture and selected fast-growing hatchery spat, which assists the industry to produce 
faster-growing standard oyster size and uniform shaped oysters and, hence increases returns and 
cash-flow. 
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1.4 Problems and threats to the Sydney rock oyster 
industry 
Several factors appear to have contributed to the decline in SRO production over the last 
three decades.  
The low returns to the NSW SRO industry are mainly caused by the depressed market 
price of oysters and the moves to selling smaller, often poorly shaped, less valuable “stick” 
oysters. The increasing production by South Australian and Tasmania of better shaped, larger 
and faster growing Pacific oyster production has kept prices low for SRO in NSW. At the same 
time, the domestic Australian demand has not grown partly due to the lack of promotion and 
marketing initiatives. There is no standardized grading system within NSW. Until recently, it 
was compulsory in NSW to depurate oysters using UV-treated water for 36 hours as a public 
health precaution (Jackson and Ogburn, 1999). This time-consuming process decreases returns 
to growers by about 30% (B. Allen, Greenwell Point, pers com. Jan 2006).  
Oyster production has shifted to smaller grade oysters (Figure 1-5) and this has also 
depressed prices. Recent sales of selected, larger and well-shaped oysters have attracted 
increased prices both within NSW and in other states. At present, internatinal export of SRO, 
which can survive out of water for up to three weeks, is almost non-existent. The export of good 
quality oysters would appear to be one way of increasing both returns to growers and of 
increasing the price locally.  
Costs for NSW oyster farmers cultivating in highly regulated public water leases have 
escalated over the last decade with annual lease and administrative fees, research levees, quality 
assurance monitoring and lease clean-up costs being imposed on growers. Farmers are required 
to undertake expensive water and shellfish meat testing also to determine whether lease areas 
are safe for commercial oyster production. There is a need for the NSW government to consider 
whether all these charges and procedures are justified.  
Environmental factors may have also had impacts on production levels. Potential 
influences include climate variability or changing climate, and natural changes along the 
coastline, which may lead to changes in the hydrology and the dynamics of sedimentation of 
coastal lakes and estuaries. 
The major risk, however, to oyster farming is poor water quality caused by anthropogenic 
effects such as pollution, particularly by sewage leading to food safety concerns. Natural 
ecosystems in coastal catchments in NSW have undergone significant modification through land 
clearing for agriculture, drainage of coastal floodplains, rural residential, and urban 
development (DEH, 2001). These pressures have caused water quality declines, such as 
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eutrophication, and threatened the values and uses of estuarine waters, such as oyster cultivation 
(Paterson et al., 2003b). Risk factors associated with these environmental hazards can be 
complex due to the synergistic effects of some hazards, lag effects and a lack of information on 
their direct and indirect impacts on oysters. There is clearly a need to introduce policies or 
strategies that will protect and maintain the water quality in designated growing areas in 
estuaries, in order to sustain the oyster industry (White, 2001). This thesis focuses mainly on 
understanding the environmental processes in estuaries and how these interact with oyster 
production. 
Poor oyster management practices also have the potential to significantly affect oyster 
production. Poor management could lead into increased levels of disease, poor growth, and 
increased fouling. Of particular concern is the issue of overstocking. Many farmers in NSW 
have tried to expand by increasing the stocking density of oysters in estuaries. The high feeding 
intensity of high densities of oysters could exceed the local food supply capacity, and so 
depressing oyster growth rates and making oysters more susceptible to diseases. The growth of 
individuals in oyster populations can be phytoplankton-limited as a result of their massive 
filtration capacity (Bougrier et al., 1995) and culture density (Smaal et al., 2001; Nunes et al., 
2003). Overstocking could result in slower growing oysters that increases risks and decreases 
returns.  
Of all the oyster growth limiting factors, carrying capacity of estuaries is a high priority in 
the current strategic plan 2004-7 of the NSW Oyster Research Advisory Committee (ORAC) 
and in the Oyster Industry Sustainable Aquaculture Strategy (OISAS). It is somewhat ironic 
that, despite the 130 year history of oyster farming in NSW, estimates of carrying capacity for 
NSW estuaries are very limited (Crawford et al., 1996; Honkoop and Bayne, 2002; Underwood 
et al., 2002). This thesis aims to address this knowledge gap by identifying and quantifying the 
factors affecting SRO carrying capacity in the selected estuaries. 
1.5 Hypotheses and research objectives 
1.5.1 Background 
Fisheries managers and oyster farmers in NSW, particularly in the near-pristine estuaries 
such as the Clyde River, are concerned at the consistent decrease in Sydney rock oyster 
production despite improvements in farming practices. Many basic characteristics of the oysters, 
nutrient inputs, their food sources, their environments and the various interconnections with 
growth rate that are still poorly understood. This information is essential for ensuring 
sustainable management. 
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1.5.2 Need for this research 
A recent report by the Healthy Rivers Commission to the NSW Government has 
recommended that areas in estuaries suitable for the cultivation and safe harvesting of oysters 
should be identified and protected (White, 2001). There is an increasing need world-wide to 
make realistic estimates of the carrying capacity for culture of filter-feeding shellfish within 
near-shore environments, and to understand the impact of filter-feeding shellfish on ecosystem 
dynamics. Neither the New South Wales oyster industry nor the regulating agencies have 
systematically evaluated the nutrient and food availability, carrying capacity or the optimal 
oyster stocking densities of growing areas within estuaries.  
One hypothesis is that oyster production in NSW is decreasing because of limited food 
(seston) supplies relative to the (increasing) oyster population density. Oysters probably make 
up the largest fraction of the total biomass in NSW estuaries and process most of the primary 
production in estuaries. Spatial and temporal variation in food quality, quantity and availability 
affect the spatial distributions and productivity of suspension-feeding organisms and the growth 
rates, reproduction and behaviour of individuals. There is a need to research the spatial and 
temporal variability of food quantity and quality available for oysters and their growth as a 
result of this variability. The sustainable use of oyster lease areas requires estimation of their 
maximum stocking capacity based on environmental process in the cultivating area. This 
capacity depends critically on estuarine primary production and its spatial distribution through 
the oyster growing areas.  
1.5.3 Main hypothesis 
The main hypothesis examined in this thesis is that the decline of SRO production in NSW 
is a result of environmental parameters limiting oyster growth per cultivation area.  
Oyster growth varies with water conditions, food availability and quality, and oyster 
stocking densities. If stocking densities exceed the food import and production capacity of the 
cultivation area support, then the carrying capacity of that growing area is exceeded.  
There is a need to understand the relationships between environmental water conditions 
and oyster growth. In addition, the ecosystem dynamics of suspension-feeders need to be 
understood so that temporal and spatial variability can be managed. A secondary hypothesis that 
will be tested is that food supply may be low in estuaries due to low nutrient availability. Oyster 
growth will be poor if the number of oysters present in an area exceeds the area food level. 
However, it is uncertain whether food levels in many NSW estuaries are low because of the 
filter feeding of oysters or because they have inherently low nutrient supplies. 
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1.6 Objectives of this research 
In order to test the above hypothesis, this research has the following objectives: 
1. Determine the spatial distribution and dynamics of seston and water quality in the 
Clyde and Crookhaven/Shoalhaven R. estuaries 
Seston varies significantly across temporal and spatial scales due to the water transport 
processes of advection and mixing processes, climate and environmental fluctuations and to the 
filtering capacity of oysters. Understanding seston dynamics will help to identify the spatially 
and temporally varying relationships with oyster growth rates. This objective is addressed in 
Chapter 5. 
 
2. Assess the spatial and temporal variability of oyster growth rates, condition and 
mortality  
 There is significant variability in oyster growth rates across growing areas in an estuary 
and throughout a year. Measurement of the variation in food composition and concentration due 
to environmental changes will help in the understanding of oyster food selection and 
performance. Quantifying growth and mortality variability for different size oysters at different 
growing areas and at different seasons will help estuary managers and farmers in identifying 
sustainable management practices. This objective is dealt with in Chapter 6. 
 
3. Identify the sources of food that supports oyster production and understand the 
trophic interactions in the oyster aquaculture system  
The composition of the natural diet of the Sydney rock oyster is largely unknown. 
Nutritional input from the food supply to oysters can be measured by applying stoichiometric 
algorithms or calculating the isotopic fractionation from one trophic level to the next. Food 
availability is a critical element in estimating environmental carrying capacities for oysters. This 
is the focus of Chapter 7. 
 
4. Relate oyster growth to resource availability and environmental conditions  
 Relationships between the above factors need to be investigated in order to gain a better 
understanding of the system as a whole. Key indicators affecting and limiting oysters 
performance will be identified (Chapter 6), and analysed in Chapter 8.  
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5. Develop a simple ecological-trophic coupled model of oyster growth and 
productivity and propose a set of environmental indices that can be used to assess the 
sustainability of an estuarine intertidal oyster culture 
It is important to understand how the oyster culture interacts with, and functions in the 
estuarine environment so that management decisions can be made in order to ensure optimum 
oyster growth and productivity. Using the relationships identified in Objective 4, a simple 
mathematical model will be developed which incorporates readily measured environmental 
information to predict oyster growth and mortality in relation to oyster density. This is carried 
out in Chapter 8. 
There is a need to have a framework of management tools that characterize the interactions 
between the cultivating system, the estuarine water quality and quantity and, the oyster biomass 
present in the system. This will allow oyster growers and other stakeholders to assess the 
potential and limitations of their system in order to ensure a sustainable management approach. 
In Chapter 8 a set of environmental indices (EI) are evaluated so that aquaculture activities 
could be effectively managed. 
Meeting these objectives will contribute to improving SRO farming strategies and estuary 
management and will also help in developing methods to identify best farming areas and, hence 
to maintain these. 
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Chapter 2: Sustainable Limitations of Shellfish 
Culture 
 
As a result of the depletion of most of the world’s wild fisheries there is a need to manage 
aquaculture enterprises in a sustainable way. Maximising production without negatively 
affecting the growth rates of cultured and wild animals is a critical step as is the implementation 
of adequate aquaculture control measures to protect the environment. Where oysters are grown 
in high densities, there is a risk that their food supply will become a limiting factor. Sustainable 
management aquaculture of oysters depends on knowing where the limit lies. This limit 
embodies the carrying capacity of an area for oyster production and is a scale-dependent 
concept (Dame et al., 2002).  
2.1 Definition  
Carrying capacity is complex and there have been various attempts to define it over the last 
fifteen years (Incze et al., 1981; Rosenberg and Loo, 1983; Carver and Mallet, 1990; Dame and 
Prins, 1998; Smaal et al., 1998), however, a precise definition remains elusive. Since it was 
originally introduced in 1934 as a level of abundance of wild populations based primarily on the 
proportion of covered area (Errington, 1936), the concept of carrying capacity has varied, 
depending on the application. Four generic types of carrying capacity have been described that 
can be applied to coastal aquaculture development (Inglis et al., 2000; Jiang and Gibbs, 2005):  
a) Economic: optimum stocking density level at which yield and/or profit are 
maximum  
b) Social: optimum levels of oyster biomass which depends on the amount of space 
for culture accepted by community and the local employment it generates 
c) Production: when the yield is estimated from historical production, farmers’ effort, 
permit holders and lease area and, 
d) Ecological: how much oyster biomass a system can support without changing the 
environment 
 
In 1996, a series of new definitions for carrying capacities for shellfish culture were 
developed by physiologists, ecologists and modellers during the TROPHEE workshop (Dame 
and Prins, 1998:p. 410). These various definitions were based on those aspects and/or 
parameters related to the assessment of carrying capacity in aquatic systems. Even within a 
generic type of carrying capacity, the influence that each component of the system has on its 
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sustainable capacity varied, depending on the quantity and responsiveness of the parameters 
used. From all the definitions proposed in the workshop a combination of two has been adopted 
in this thesis (Carver and Mallet, 1990; Dame and Prins, 1998):  
The carrying capacity is the total shellfish biomass sustaining a marketable 
growth rate, supported by a given ecosystem as a function of the water 
residence time, system primary production time, and bivalve clearance rate 
without having an unacceptable ecological impact. 
Estimations of carrying capacity in this thesis are based on the above definition. The 
physical and environmental characteristics of the system, the factors affecting oyster physiology 
and growth, the energy balance between food ingested and food available in the system are all 
considered in this work. An advantage of the above definition is that it links both the production 
and ecological carrying capacity. While calculations of the production carrying capacity focus 
on the target species and on the organisms that support its production, estimating the ecological 
capacity should take into consideration the overall ecosystem and all related culture activities 
and usable area. Consequently a more holistic approach is needed to determine the influence of 
oyster culture on the environment and the ecological carrying capacity of the environment for 
bivalve culture (McKindsey et al., 2006). 
The relationships between oyster performance and the ecology of the systems and, 
predictions of how nutrient flows may respond to different oyster stocking densities, will be the 
major focus in this thesis. This ecological approach will expand on the already calculated 
production carrying capacity for the NSW coastal area. (White, 2001). The gross production 
carrying capacity of the NSW oyster growing estuaries based on production and trend indices, 
used and surrender lease area and number of permit holders, was estimated in 2001 for the 
Healthy Rivers Commission of NSW by White (2001) where the estimated total sustainable 
yield for NSW was around 109,000 bags.  
2.2 Mariculture areas for shellfish production 
Marine farming, important in many coastal areas, may have impacts on the environment. 
Oyster culture, is considered a pollution-free activity as the cultivated species do not require 
exogenous sources of food (Crawford, 2003a). Instead they consume phytoplankton and other 
particles naturally occurring in the waters where they are grown. Oyster culture targets the 
lowest trophic levels in the aquatic food chain making it an ecologically efficient practice.  
In estuaries, particle-feeding animals normally dominate the macrobenthos and play 
significant roles in ecosystem processes (Ward and Shumway, 2004). Oysters have been 
described as ecosystems engineers (Margalef, 1968) due to their massive filtration capacity and 
the ‘top-down’ control oysters exert on their ecosystems. Oysters have also been referred as the 
canaries of the estuaries (ACIL, 1997; White, 2001) highlighting their importance as 
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environmental indicators of the health and sustainable management of the system. This is 
because oysters are involved in maintaining biodiversity, population and food web dynamics, 
and nutrient cycling (Ruesink et al., 2005). The various roles that these animals play in 
ecosystems and the natural variability found in these habitats, make it a challenge to identify 
and measure all the processes governing shellfish culture. 
2.3 Characteristics of oyster culture 
The first and most important aspect of oyster culture is site selection. Good sites provide 
the appropriate physical, environmental and food quantity and quality levels in order to sustain 
profitable growth rates. Many factors influence the suitability of an area for oyster cultivation. 
Those affecting oyster growth and condition include: water temperature; organic particulate 
matter concentration; phytoplankton biomass normally estimated by chlorophyll-a 
concentrations; nutrient inputs; water flow and depth (Saxby, 2002). 
Different cultivation techniques also influence on oyster growth and survival. The space 
available in aquaculture farms depends on the culture techniques, which are dependent on 
hydrodynamic factors such as tide amplitude, currents and flows and morphology, particularly 
the bathymetry and slope of the cultivated area. Sub-tidal methods produce larger growth rates 
than intertidal methods, due to the continuous submersion and feeding of the animals. However, 
these animals suffer a higher risk of mortality due to potential increased exposure to disease, 
particularly mud worm infestation in eastern Australia. Because of this, most farmers there use 
intertidal cultivation at certain times of the year to manage or avoid diseases. 
Shallow waters in cultivating areas are generally characterized by vertically uniform 
conditions due to local mixing. Stratification normally occurs when depths are greater than 3 m 
and after large rain events (see section 5.1.6). Oysters in shallow waters benefit from localized 
recycling of nutrients from biodeposits accumulated underneath the oyster leases, due to faeces 
and pseudofaeces deposition, and bacterial nutrient transformations from debris accumulated in 
the sediment through benthic remineralization rates (Rodelli et al., 1984; Aller and Stupakoff, 
1996; Newell et al., 2004). Benthic metabolites are reoxidised and nutrients are released to the 
water column especially during massive physical remobilisation of sediments as a result of large 
tidal movements or waves driven by strong winds (Aller et al., 1996) 
2.4 Requirements for non-limiting oyster growth 
The basic requirements for oyster growth and survival are the availability of space, food 
and the maintenance of good/optimal environmental conditions. Food availability depends 
mainly on primary production that will vary with local biological and environmental processes 
such as rainfall and run-off, in the cultivated area as a consequence of changes in the levels of 
nutrients and particulates.  
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Oysters are selective feeders and feed opportunistically on seston, which is composed of 
particulate matter derived from detritus, vascular plants, benthos and microorganisms. The 
benthic matter is composed of mineral and organic matter. The latter includes material from the 
plankton, benthic microalgae, feces and bacteria (Lopez and Levinton, 1987; Sauriau and Kang, 
2000). The composition of their diet depends largely on what is available, which in turns 
depends on location, season, vegetation in and around the waterway, and prevailing winds and 
currents. Highly variable systems can lead to an exceedingly complex oyster diet. This is one 
reason why research on the diet of the Sydney rock oyster (SRO) in natural conditions (Wisely 
and Reid, 1978; Honkoop et al., 2003) has been very limited. There is much more information 
about the effect of natural seston on other species of bivalves (Incze et al., 1980; Fegley et al., 
1992; Bock and Miller, 1994; Smaal and Haas, 1997; Cranford et al., 1998; Toro et al., 1999; 
Dowd, 2003; Paterson et al., 2003b). In all these studies, the quantification of seston and the 
physiological processes operating in natural conditions was difficult. and  many studies had 
resorted to laboratory studies of oyster physiological responses using water with natural seston 
Oysters ingest food preferentially based upon size, quality and quantity (Loret et al., 2000). 
They target certain organic components of suspended matter. Phytoplankton or, more 
specifically, a mixture of benthic diatoms and marine phytoplankton (Riera and Richard, 1996; 
Kang et al., 1999; Fukumori et al., 2008), has been assumed to be the main food source of the 
Pacific oyster (Crassostrea gigas) (Smaal and van Stralen, 1990; Heasman et al., 1998) and the 
mussel (Mytilus edulis) (Incze et al., 1980). Recent studies suggested that bivalves, especially 
oysters and mussels, also feed on organic matter of very different origins. Up to 60% of this 
material, appears to come from labile detritus such as seagrasses and their epiphytes, 
mangroves, terrestrial plants and microphytobenthos (van der Eden, 1994; Hawkins et al., 1998; 
Newell et al., 2002; Yokoyama and Ishihi, 2003; Kasai et al., 2004; Kasai and Nakata, 2005). 
Apart from the organic particulate of seston, wild bivalves also feed on dissolved organic matter 
such as free amino acids and sugars (Gosling, 2003). Bacteria have been found using flow 
cytometry techniques (A. Bell, pers. comm., 2005) to be retained by Crassostrea sp with an 
efficiency around 30% (>5x106 cells ml-1) for heterotrophic bacteria and with over 50% for 
cyanobacteria. 
Viruses have been also found to be present also in large quantities in estuaries and to have 
significant roles in the microbial food web and potentially in bivalve particle-feeding processes 
(Bergh et al., 1989). It has been demonstrated that sponges can remove viral and bacteria 
particles at an average efficiency of 23.3% ± 2.9%, however, viruses only contribute a small 
fraction of the energy required for respiration in sponges (Hadas et al., 2006). In addition, it has 
also been suggested that 4% of bivalve diet is composed of small particles less than 1µm and 
that bivalves have a 20% retention efficiency for this particle size (Prieur et al., 1990). Both 
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retention and filtration rates based on particulate size, quantity and quality have been found to 
be species-specific (Review in Ward and Shumway, 2004). There is, therefore, a lot more to an 
oyster’s diet than microalgae.  
2.5 Physiological process and oyster food intake  
Oyster physiology is influenced by physical and environmental parameters such as water 
temperature, salinity, turbidity and nutrient availability. Although many studies have considered 
the ecology and physiology of bivalves, especially that of oysters (Frechette et al., 1992; Dame, 
1996; Newell and Langdon, 1996; Kobayashi et al., 1997; Bayne, 1998; Hawkins et al., 1998; 
Pouvreau et al., 1999; James et al., 2001; Gosling, 2003), relatively few have examined what 
oysters feed on in natural environments. Over the past 30 years, with the introduction of 
advanced technologies (e.g. flow cytometry, video endoscopy, confocal microscopy), our 
understanding of particle feeding and selection processes by oysters has increased markedly 
(Review in Ward et al., 1991; Iglesias et al., 1998; Ward et al., 1998; Cranford et al., 2005; 
Yahel et al., 2005). The mechanisms that govern oyster feeding in terms of physiological 
processes are now better known. However, there are still many gaps as each species performs 
slightly differently and could even modify their strategy depending on changes in the particle 
regimes in the environment. It is now understood that the ability of oysters to select particles in 
a passive and/or active way, will affect on the types of particles that oysters may ingest or reject.  
In addition, it has been found that oysters can sort particles based on physical and chemical 
factors through selecting material of high nutrient quality. Oysters can also optimise the 
energetic cost of feeding by selecting food efficiently during the pre-ingestion sorting procedure 
(Ward and Shumway, 2004).  
The physiology and metabolic traits of SRO have been widely studied (Wisely and Reid, 
1978; Mason et al., 1998; Bayne et al., 1999; Bayne, 2002; Honkoop et al., 2003; Bayne and 
Svensson, 2006) but fewer studies have concentrated on the ability of SRO’s to adapt toations 
changes in the surrounding ecology and environment (Nell and Dunkley, 1984; Avery et al., 
1996; Jones and Preston, 1999; Paterson et al., 2003b; Piola et al., 2006). Most SRO physiology 
studies have been comparative studies performance with the Pacific oyster (Crassostrea gigas). 
These two oysters have slight modifications in the structure of their feeding organs that allow 
them to use different adaptations to acquiringe and metabolising food (Mason and Nell, 1995; 
Honkoop et al., 2003).  A summary of the SRO physiological processes and range of controlling 
factors is given in Table 2-1. 
A variety of techniques have been used to identify and quantify the specific diets of 
oysters. These include: 
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a) Direct observations of the feeding of different species of oyster, under laboratory 
conditions using non-natural seston levels that do not occur in the natural 
environment. These direct observations do not seem practical under field 
conditions due to the complexity of quantifying and maintaining constant levels of 
seston over long periods (Mason et al., 1998; Hand et al., 1999; Kesarcodi-Watson 
et al., 2001).  
b) Analysis of gut contents, assuming that all ingested material found in the gut 
would have been assimilated. This technique is not necessarily a good indicator of 
what the animal actually takes up. Different food sources have different 
assimilation rates and therefore would be found in different proportions in the 
stomach. In this technique, pseudofaeces need to be considered as well in order to 
account for rejected material. It is, however, extremely difficult to identify and 
quantify the matrix found in the stomach and pseudofaeces. An in-situ, non-
intrusive technique called ‘InEx’, however, used for direct measurements of the 
feeding rates and food selection, nutrition and efficiency has been developed 
recently (Yahel et al., 2005). This technique calculates production or retention of a 
substance by bivalves based on the difference in concentration between the 
simultaneous pair-wise collection of the water inhaled and exhaled by the animal. 
In the field, this technique requires divers, as well as calm and clear ocean 
conditions to obtain the required accuracy (Yahel et al., 2005). Gut content of the 
SRO have been studied only once previously (Richardson, 1991). 
c) Stable isotope ratio techniques are useful not only in identifying materil 
assimilated but also in differentiating between food sources. This technique also 
identifies the trophic level that organisms play in the aquatic system (Fry and 
Sherr, 1984). The isotopic signature of the organism is compared with the isotopic 
signature of the food consumed. Due to isotopic fractionation, a consumer’s 
carbon and nitrogen isotopic signature is heavier than its diet. However, recent 
studies have shown that this fractionation is not as consistent as previously 
believed (McCutchan et al., 2003). Stable isotopes can also be applied when 
identifying food sources. This technique will be used in this thesis to identify and 
quantify the diet of the SRO (see Chapter 7). Only three other studies have used 
this technique on the SRO (Moore, 2003; Piola, 2003; Piola et al., 2006). In each 
case the research was undertaken in systems that were eutrophic and dominated by 
tertiary treated sewage. More detailed information on this technique is in Chapter 
7. 
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The suspension feeding technique of oysters allows them to filter large volumes of water 
daily by combining the cilia, mucus sheaths and gill openings to extract and sort particulate 
matter (Wisely and Reid, 1978). Bivalves deal with fluctuating particle regimes such as 
variation in both particle quantity and quality. They respond in a variety of ways, including 
adjustments in pumping and ingestion rates, and selective rejection of un-wanted particles. 
Filtration rates in oysters vary with temperature and salinity levels, with seston concentrations 
and particle size distribution (Kobayashi et al., 1997; Pouvreau et al., 1999; Honkoop et al., 
2003). Filtration efficiency increases with increasing seston particle size until a saturation level, 
which depends on the oyster species. The retention efficiency of bivalves, in general, diminishes 
by 30% when particles are less than 1µm in size (Gosling, 2003), but these efficiencies are 
species-specific (Ward et al., 1998). 
Particle retention and selection in oysters depend on seston characteristics and flow rates. 
Despite variability in seston, bivalves seem to maintain relatively constant rates of nutrient and 
food acquisition based on different compensatory mechanisms, such as gill structure adaptation 
(Honkoop et al., 2003), valve aperture rates (Iglesias et al., 1998), or metabolic efficiency 
(Kesarcodi-Watson et al., 2001). Recent studies have focused on in situ observations of particle 
acquisition feeding on natural seston (Bock and Miller, 1994; Barille et al., 1997; Cranford et 
al., 1998; Ward and Shumway, 2004; Bayne and Svensson, 2006). In most cases the natural floc 
and particle composition are disrupted during capture, affecting particle retention rates. This has 
led to a large number of laboratory studies under conditions of controlled salinity, temperature, 
dissolved oxygen and a narrow food source selection of perhaps 2 to 3 different species of 
phytoplankton (O'Connor et al., 1992; Mason et al., 1998; Bayne et al., 1999; Nell et al., 2000). 
There is some ambiguity in the literature regarding particle selection by SRO as a 
consequence of the variation found in the natural seston levels. Some Sstudies have found that 
the optimum range of food particle selection in SRO varies from ≤5µm (Wisely and Reid, 1978) 
to 5-180µm but with a preference for 20-80µm based on the phytoplankton cell sizes found in 
the stomach of SRO (Richardson, 1991). The highest abundance of phytoplankton cells found in 
both the seston and in the SRO gut were 10-30µm, out of a range of 0 to 90µm in the seston 
(Richardson, 1991). Pacific oysters have been found to select particles within a range of 2-12µm 
(Ropert and Goulletquer, 2000) and mussels (Mytilus edulis) select the nanoplankton fraction 
(less than 20µm) of phytoplankton in natural conditions (Incze et al., 1980). Many studies of 
bivalve particle selection sizes are summarised in Table-2 in Ward & Shumway (2004). 
Recent studies have emphasized that oyster’s nutritional levels benefit from pre-ingestive 
feeding behaviour where particles to be ingested are sorted initially. SRO uses their lateral cilia 
and the structures of their ctenidia to capture and transport suspended particles to the palps, 
where they are sorted and non-nutritive particles are rejected as psuedofaeces (Honkoop et al., 
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2003). The initiation of pseudofaeces production (as consequence of particle selection and 
sorting) generally indicates the food level at which ingestion rate reaches its maximum (Bayne 
et al., 1989). SRO pseudofaeces have been found to contain much greater proportions of 
inorganic material (25.3-33.2%) than the food particles (5.6%) (Kesarcodi-Watson et al., 2001), 
indicating that SRO feed selectively, on organic matter, in particularly with high nitrogen levels 
(Bayne and Svensson, 2006). 
 
Table 2-1: Salinity and temperature ranges for optimum growth and some of the 
physiological processes estimated for the Sydney rock oyster. 
Salinity optimum (‰) 23-39 (larvae); 20-40 (spat); 25-35 (Adult) 
Salinity tolerance (‰) 15-39 (larvae);  0-41 (spat);  0-50 (Adult) 
If Sal <15‰, 
valves close 
for up to 
15days (A & 
B &C) 
Temperature optimum 
(ºC) 
24-26 (larvae); 14-28 (spat); 18-26 (Adult) 
Growth 
Temperature tolerance 
(ºC) 
N/A   (larvae); 11-30 (spat); 11-30 (Adult) 
(A) 
Filtration rates  
(mg seston hr-1) 
1.65-2.01 (~30g); 2.12-2.05 (~50g)*  (E) 
8.0±2 (~50g) at pH = 6-8 (F) 
Optimum at 
25-30ºC (D) 
Ingestion rate (mg hr-1) 6.73-15.09 (~30g); 8.59-16.42 (~50g)* (E)  
Rejection rate (mg hr-1) 5±2 at pH = 6-8 (F)  
Feeding 
Faeces production rate  
(mg hr-1) 
3±1 at pH = 6-8 (F)  
Excretion Excretion rate 
 (µg NH4 hr-1) 
18.1-25.2 (~30g); 19.9-17.1 (~50g)* (E)  
Metabolism Oxygen consumption 
(mlO2 hr-1) 
0.51-0.63 (~30g); 0.66-0.71 (~50g)* (E)  
Note: The above parameters are approximate and vary substantially according to the 
surrounding environmental conditions. 
(*) Calculations were made under two seston levels: middle 0.6mg l-1 and high 1.07mg l-1. 
Weight in brakets corresponds to experimental weight oysters used in the study 
Data Sources: A-(Holliday, 1995)  B-(Nell and Holliday, 1988); C- (Nell and Dunkley, 1984) 
D-(Souness and Fleet, 1979) E-(Bayne et al., 1999); F- (Dove, 2003)  
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2.6 Factors limiting oyster growth  
The determination of the SRO diet is complicated because of the large spatial and temporal 
variability of seston in Australian temperate estuaries due to their variable flows (Chapter 5). 
There is a large range of possible food sources and the oyster’s surrounding habitat varies 
considerably. In addition, extrapolation of results obtained in laboratories to natural conditions 
is problematic.  
The relationship between shell and flesh growth and environmental factors is also complex 
as these may fluctuate rapidly. Even when a good understanding of the various relationships and 
feedbacks between environmental variables and growth is reached, some factors may limit the 
system. A single factor could have the potential to depress any positive growth effect resulting 
from the remaining factors. This occurs quite often after rain events. Increased water 
temperature and food availability promote oyster growth (Brown and Hartwick, 1988b, 1988a; 
Jarayabhand and Newkirk, 1989; Mason et al., 1998; Bayne, 2000). While rain events increase 
food levels (see Chapter 5), they also initiate prolonged periods of high turbidity levels (Grant et 
al., 1997) and low salinity (Brown and Hartwick, 1988b) causing oysters to close their valves 
and stop feeding, which restricts shell growth. On some occasions field sampling observations 
have shown that rain also decreases flesh condition (glycogen levels) or growth even when 
temperature and nutrients are at the non-limiting levels for phytoplankton growth. Such limiting 
factors need to be identified when studying carrying capacities. 
An important component of carrying capacity is the geographic and temporal distribution 
of foods, which may limit growth (Duarte et al., 2005). The rate at which food is supplied to 
oysters depends on tidal currents, river flow, depth and climate. Carrying capacities also depend 
on temporal variations in food supply which may vary over short periods such as the tide cycle 
or over longer seasonal time scales (Duarte et al., 2005). The position and density of the oysters 
in an estuary result in different concentrations of food being available. Adequate vertical mixing 
and current flow can increase food availability, nutrient and water exchange rates (Heasman et 
al., 1998; Gibbs, 2004). Appropriate stocking densities are also important in ensuring that 
adequate food is available and growth is supported (Raillard and Ménesguen, 1994). 
Optimisation of available space is a management challenge for estuary managers, regulators and 
growers. In many cases growers do not have the option of extending their culturing area. 
The challenges to sustainable management of shellfish aquaculture are clearly 
interdisciplinary, involving many aspects of ecosystem processes such as the hydrodynamics of 
a waterway, the local advection of food particles, the production of suspended food supply, the 
physiology and ecology of the cultivated species, farming practices, particularly oyster stocking 
density, and the legislative and policy environments. 
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2.7 Management of shellfish production limitation 
In order to sustainablye developpment aquaculture, regulatory, control and monitoring 
measures have been established in several countries. Some are not aimed at protecting the 
environment (Fernandes et al., 2000). A review of these procedures is currently underway in 
some European Community countries, and has demonstrated the need for compulsory 
Environmental Impact Assessment (EIA) of some aquaculture enterprises. The European 
Monitoring and Regulation of Marine Aquaculture (MARAQUA) Concerted Action is currently 
reviewing the licensing, regulations, monitoring programs and scales of marine aquaculture 
production for all the European countries. It aims to establish scientific guidelines for Best 
Environmental Practice (BEP) (Fernandes et al., 2000).  
Most European countries have Environmental Quality Standards (EQS) for marine 
aquaculture, mainly to monitor water quality (Dosdat and de la Pomelie, 2000; Maroni, 2000; 
McMahon, 2000; Sanchez-Mata and Mora, 2000; Smaal and Lucas, 2000) and nutrient and 
organic matter discharge (Pedersen, 2000), but also to determine appropriate locations for 
aquaculture enterprises. There are no current standard EQSs for the carrying capacity of marine 
aquaculture in European countries. However, many countries have established some controls in 
order to achieve sustainable aquaculture production (Fernandes et al., 2000). These controls are 
based on a maximum tonnage of product (for example, 100,000 tonnes of fresh weight mussels 
and 10,000 tonnes of cockles in The Netherlands (Smaal and Lucas, 2000)), on identifying a 
maximum stocking density [for example, in Norway finfish cultures are limited to maximum 
densities of 25 kg m-3 (Maroni, 2000)], or on limiting the tonnage of total nitrogen and 
phosphorus released to marine waters [for example, in Denmark the limit is 5,550 tonnes of 
nitrogen and 54 tonnes of phosphorus (Pedersen, 2000)]. A full review of the monitoring and 
regulation of marine aquaculture in Europe is given by Fernandes et al. (2000). 
The quantity of shellfish produced in Australia is low compared to other regions of the 
world because of limited upwelling processes in coastal waters and low primary production in 
Australian waters compared with other temperate regions. This is a consequence of the low 
coastal river discharges with levels of essential nutrients that limit phytoplankton production. As 
an example, chlorophyll-a levels in Tasmanian estuaries and coastal waters ranges between 0.5 
and 4 µg L-1 (Crawford and Mitchell, 1999). The Australian coast generally also lacks large 
protected intertidal areas suitable for bivalve culture. In NSW, the SRO industry has spread 
throughout all the NSW estuaries, some with significant numbers of cultured oysters. Most of 
the bays and estuaries in Tasmania have been used for oyster cultivation also but each contains 
less than 100 ha of productive farm areas (Crawford, 2003b).  
The Tasmanian Government introduced new legislation, the Living Marine Resources Act, 
1995 and the Marine Farming Planning Act, 1995 to better manage the marine farming 
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industry, to involve the broad community in the allocation of leases for farming and to monitor 
the environment to ensure sustainability of the industry. Environmental controls of shellfish 
carrying capacities in Tasmania specify (Crawford, 2003b:p 51) : 
There must not be more than 1 km of stocked racking per hectare of lease 
area used for intertidal culture of oysters, and no more than 1.1km of 
effective backbone longline per hectare of lease area for deepwater shellfish 
farming. Containers of oysters on intertidal leases and longlines in deep 
water have to be clear of the seabed, and no layering of containers is 
permitted on intertidal leases  
South Australia and Tasmania have similar permissible densities of oysters. The former is 
100,000 production size oysters (70-80 mm) or its equivalent weight per hectare (Hone, 1996). 
Oyster densities in intertidal and subtidal cultures in Tasmania are similar to South Australia, 
placing 10-12 mature oysters m-2 (Crawford, 2003a).  
In the Clyde River, NSW, based on a lease area of 188ha, mapped as priority oyster 
cultivation area by NSW DPI Fisheries (NSW DPI, 2006), with a total annual production of 
1,078,000 dozen (NSW DPI, 2005), the lower limit estimate of stocking density of marketable 
oysters is ~7 oysters m-2. However, this takes no account of other oyster size-classes present 
within the leases or mortality rates, details of which are generally not recorded by the farmers.  
Field estimates in the Clyde River give, on average, 400 plate grade oysters (~50g) in each 
intertidal tray. Trays (2 x 1 x 0.4 m) sit on racks, which are separated by approximately six 
meters of oyster free water, between racks. This gives an average density within a tray of 200 
oysters m-2 and, within the lease areas of ~50 oysters m-2 or 2.5 kg m-2. In the nearby 
Crookhaven/ Shoalhaven River trays containing bottle grade oysters (~30g) are stocked at ~480 
oysters per tray. With the same tray configuration as in the Clyde, this gives a stocking density 
within the lease areas of 60 oysters m-2 or 1.8 Kg oysters m-2. The ‘nominal 6-meter’ spacing 
between rows of trays, in practice, varies widely over different areas within an estuary and 
between different estuaries and can have a considerable effect on the estimate of local stocking 
density.  
Comparisons of stocking densities and production per growing areas, quite often, are 
extremely difficult because density records are expressed using different units and areas or 
volumes of cultivation units are not measured in the same way. At present there is no 
monitoring or regulation of carrying capacities in NSW estuaries. If oyster growers in NSW 
want to increase their production in the future, they can either increase lease area or increase the 
intensity of cultivation. Because the industry is a mature industry and because of coastal 
development, there is limited scope to increase lease area. In order to increase cultivation 
intensity farmers and regulators need to know the potential limit to production intensity so that 
they do not exceed its capacity. Carrying capacity is a fundamental concept in best practice 
oyster culture.  
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2.8 Models for assessing carrying capacity 
Qualitative studies of oyster growth under farmed conditions have proved valuable tools 
for understanding the ecology of these managed systems. Our ability to provide quantitative 
assessments for site selection, or expansion of existing farms is limited however.  
One of the most common, recent methods used to evaluate relationships between shellfish 
growth and production, and their environment is through simulation models. The ability to 
predict the growth of oysters under field culture conditions is a great advantage and allows 
economic and environmental projections that enhance the sustainability of the industry. 
Models may be used to forecast production levels using data on growth, reproduction, food 
supply and other environmental factors. The use of models has expanded markedly over the last 
fifteen years with a concomitant increase in the level of model complexity. The increased 
complexity makes it more difficult to understand model behaviour and its dependence on model 
assumptions and on environmental forcing (Murray and Parslow, 1999). In addition, measuring 
the parameters necessary for some complex models becomes a daunting process. Problems have 
been encountered in both, complex models due to over-parameterisation, and simple models 
because of a lack of accuracy (Beadman et al., 2002).  
The complexity of models depends on the prediction requirements, the ecosystem studied, 
and the availability of data (Raillard and Ménesguen, 1994). Physical or hydrodynamic models 
can be made more complex by increasing the spatial resolution and dimensionality from one to 
two or three dimensions. In biological or ecophysiological models, complexity increases by 
adding more processes with more state variables or parameters. This may more realistically 
simulate the ecosystem but makes the interpretation of performance more difficult or less 
accurate if the necessary data is not available. Increased complexity has been driven by the 
desire to more accurately represent the processes present in the system. For physical models, 
increased spatial resolution and dimensionality may improve accuracy but may be limited by 
computer capacity and speed. For biological models, increasing complexity does not necessarily 
mean better results. Most of the parameter values used in models are taken from the literature 
and are calculated under particular experimental conditions. These parameter values, in many 
occasions, are widely used in models irrespective of their actual relevance. Recently, this trend 
seems to have changed. Modellers are attempting to simplify the models in order to allow 
greater understanding of the driving processes (Murray and Parslow, 1999). 
Several types of models have been developed to predict growth rates and carrying 
capacities for shellfish. Two main approaches are: the traditional budget or ‘back-of-the-
envelop’ calculation; and ecological models (Duarte et al., 2005). Budget calculations are based 
on three main factors identified as primarily affecting carrying capacity: phytoplankton renewal; 
water residence time; and oyster filtration capacity (Dame and Prins, 1998). This approach can 
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be applied to different temporal scales in order to determine the amount of oyster biomass that a 
system can support (Duarte et al., 2005). On the other hand, ecological models will have 
variable outputs depending on the scale and time period. Traditionally two scales have been 
considered: a local scale which considers the intrinsic characteristics of the population; and an 
ecosystem scale, that takes into account the characteristics, structure and function of the overall 
ecosystem such as primary production levels (Heip et al., 1995; Smaal et al., 1998). It has been 
suggested that generic carrying capacity models should include both ecosystem and local scale 
factors (Smaal et al., 1998). 
Ecosystem models that explain the processes taking place in the system can be divided in 
box models, local depletion models and integrated physical-biogeochemical models depending 
on their temporal and spatial scales. All these models follow the flow of energy or materials 
between the various environmental variables and the oyster component. Box models account for 
the spatial variability by the size of the boxes. Local depletion models are generally applied to 
small-scale systems such as cultivation units. Processes occurring at this scale are constrained 
by the conditions defined at the boundaries of the model. Coupled physical-biogeochemical 
models are complex, as they do not consider processes at the same temporal and spatial scales. 
Other model approaches are pragmatic and mechanistic. Pragmatic models use statistical 
relationships between measured variables. For these, large data sets are needed to obtain good 
empirical relationships. These models are good for the specific conditions under which they 
were derived but may be poor if used under other conditions. Mechanistic models use functional 
relationships between variables. These have general application for differing conditions but are 
more difficult to develop as they require a process understanding of the underlying 
mathematical relationships (Crawford et al., 1996) and may involve variables that are difficult 
to measure. 
Models from different disciplines differ widely in the temporal and spatial scales of the 
processes that they describe. In physiological models, where filtration or growth rates are 
measured, the time scales used are minutes to hours (Bacher et al., 1998; Scholten and Smaal, 
1998). Models that simulate ecosystem processes have time scales of days to years (Raillard and 
Ménesguen, 1994; van der Tol and Scholten, 1998).  
There is a wide range of models in terms of type, scale and approach for predicting oyster 
growth and estimating carrying capacities based on environmental parameters. Most of these 
models, except for budget estimation models involve complex feedback processes. Some are 
over-parametrised, some are too simple or too site-specific. A simple spatially transferable 
approach is needed so that regulators and the oyster industry can determine target carrying 
capacities and stocking densities for growing areas in different locations. 
 
  
A. Rubio Chapter 2 Page 30 
2.8.1 Examples of published models for assesing carrying 
capacity 
Table 2-2 summarizes some of the available shellfish models for estimating carrying 
capacity together with their main conclusions and limitations. While these models explain many 
of the aspects of the studied system, they often fail to simulate the systems dynamics over 
different scales. Most of the model studies identified the difficulties in dealing with temporal 
and spatial scales from a simulation point of view and difficulties in obtaining sufficient high 
frequency field data to calibrate or subsequently validate the model (Raillard and Ménesguen, 
1994; Crawford et al., 1996; Gangnery et al., 2001; Bacher et al., 2003; Nunes et al., 2003; 
Jiang and Gibbs, 2005). Primary productivity is particularly sensitive to the resolution of the 
simulation as a result of the lack of precision in modeling phytoplankton dynamics (Raillard and 
Ménesguen, 1994). However, phytoplankton dynamics become less important if the flushing 
time of a system is small, so that the water exchange is fast, continuously bringing new water in 
the system. In addition, it was recognised that, in some cases, food limitation was a consequence 
of the local density-dependence effect, which in most cases was not considered in the 
simulations (Bacher et al., 1998; Nunes et al., 2003).  
A major problem appears to be the lack of empirical data to realistically calibrate models 
(Crawford et al., 1996; Bacher et al., 2003). Large resources are needed in order to satisfy most 
numerical models. In addition, the problem expands when considering inter-annual variations in 
food levels resulting from varying environmental conditions (Bacher et al., 2003). Oyster 
dynamics can be simulated in models but it is again hard to gather appropriate field information 
over sufficient timescales, to calibrate or validate the model output, especially for adult size-
classes that grow slower than juveniles. Growth is affected by various environmental aspects 
such as temperature and salinity. Models need to integrate these important environmental effects 
on oyster behaviour. An example of such a model is shown in Figure 2-1 from a one-
dimensional ecosystem model of an Irish oyster cultivating lake (Ferreira et al., 1998). In this 
case modelled results were well within the real values. Figure 2-1 shows oyster biomass 
variation through the year, across four cohorts and as a result of harvest after day 265 in each 
year cycle. Based on a total of forty size classes between 0.65g (FW= fresh weight) and 97.75g 
(FW) with a class amplitude of 2.5g (FW), the model predicted that in 17 months the oyster 
would reach market size (above 65g FW) and that a total of 42 tonnes (FW) would be harvested 
after two summers. 
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Figure 2-1: Simulation of oyster biomass in box 3 of Ferreira’s model (1998) as a 
function of time and individual weight for an oyster culture in Carlingford 
Lough 
Source: Ferreira et al. (1998) 
 
In general, most of these models are quite complex coupling both hydrodynamic and 
ecophysiological processes. Some of the models predicted not only an ecological carrying 
capacity, which is the level of culture that could be introduced without leading to any significant 
changes to the food web and to the nutrient flows in the aquatic system, but also a production 
carrying capacity, which determines the maximum theoretical level of culture. These models 
included information on the marketable weight and oyster mortality in order to explore the 
system properties resulting from integrating the environment and the ecophysiology of the 
cultivated species. An example of this is shown in Figure 2-2, for the model of Bacher et al. 
(1998). This figure shows the three-dimension relationship between production, annual oyster 
mortality and standing stocks. Production levels in this system were very sensitive to the 
marketable weight. In order to sell larger oysters, they need to be kept in the system for longer 
periods taking up resources and being subject to additional risk of mortality. 
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Figure 2-2: Model output of production calculated with theoretical models for different 
values of annual mortality and standing stock 
Source: Bacher et al. (1998) 
 
Most of the models summarized in Table 2-2 examined the effect that increasing standing 
stocks would have on the system in terms of food depletion, growth rates and time to reach 
harvest weight. Most models showed a clear decline in oyster productivity as standing stock 
increased. However, growers and other stakeholders need to adapt the level of standing stock 
that the system could support without negatively affecting production and or the environment, 
to their management protocols and enterprise goals. 
The various models generally gave a representation of the processes taking place in the 
cultivating systems. However, they showed problems in: a) the inclusion of seasonal and size-
related changes in the energy/metabolic demands of the cultured organisms; b) the lack of 
specification of how bivalves use various particles in the seston and whether some of those 
particles are ‘available’ or ‘useable’ and; c) the difficulty in predicting the mixing and flow of 
water through small-scale culture areas. In the following chapters some of these problems will 
be addressed such as the temporal and spatial growth variation in SRO in the two oyster 
producing estuaries, the identification of the SRO diet composition and the contribution of each 
food component towards the overall diet and, a better understanding of the problems 
encountered when down-scaling the processes that take place at the estuary level to an oyster 
lease area. 
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Table 2-2 (I): Summary of some published carrying capacity (CC) models for different species of oysters and a case study for scallop and polyculture system. 
Font in italics are suggested improvements. Error! 
Reference Purpose / Model characteristics Conclusions Limitations /improvements needed 
A. Carvet & 
Mallet, 1990 
(M. edulis) 
Semi-enclosed shallow coastal inlet, 
food supply driven by tidal currents. 
Production CC as ratio food 
supply:food demand by mussels based 
on field filtration rates 
Low particle exchange due to hydrodynamic of 
semi-enclosed bay, low POM and depletion 
through the tide cycle, low food levels to 
calculate optimum mussel filtration rates. 
Seasonal variations in food supply and mussel 
ration affect CC of bay. Importance of dealing 
with site-specific field data 
Simple hydrodynamics as water flows in at 
high tide, assumes complete mixing between 
water flow in and remaining & ‘old’ water 
flows out completely. POM deliver to bay as 
unique mussel food. Mussels can access 
100% of available food 
Improvement: include other grazers, consider 
local prim production from close-by nutrient 
inputs, use optimum ration instead of 
observed ration 
B. 
Raillard & 
Menesguen, 
1994 
(C. gigas) 
Ecosystem model of physical & 
biological dynamics in shellfish 
culture, computes the sensitivity of 
oyster growth to oyster abundance 
(biomass). 
Nitrogen cycling between the dissolved 
phase, phytoplankton, detritus and 
cultured oysters. 
Hydrodynamic regime strongly controls the 
carrying capacity of the system. Carrying 
capacity (CC) is inversely proportional to water 
turnover, which controls food renewal 
(phytoplankton). Oyster does not exert a strong 
control on phytoplankton biomass because of low 
residence time of water. CC is sensitive to spatial 
distribution and stock levels. 
Underestimation of phytoplankton biomass 
due to a lack of information on dynamics. 
Limitations = physical transport of suspended 
matter. 
Improvement: include vertical exchange in 
terms of sedimentation and erosion. 
C.  
Powell 
et al., 
1995 
(C. virginica) 
Utilises a time-dependent model that 
simulates the population dynamics of a 
post-settlement oyster population and 
examines the characteristics of 
population as food becomes limiting. 
Emphasizes relationship between physical 
transport and food supply. If food supply 
becomes limiting, market-size oysters disappear 
from population size frequency after 3-7 yr. 
Populations can be controlled: 1) top-down by 
predation or disease; 2) bottom-up by food 
supply or space available. System controlled by 
pelagic productivity in relation to benthic CC. 
Importance of stock assessment program, 
monitoring food chain; provides information to 
fishery management. 
Only able to do a rough prediction of future 
impacts of declining food supplies. 
Improvement: More examination on the many 
factors that might regulate exact timing of 
events. 
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Table 2-2 (II): Summary of some published carrying capacity (CC) models for different species of oysters and a case study for scallop and 
polyculture system. Font in italics are suggested improvements. 
Reference Purpose / Model characteristics Conclusions Limitations /improvements needed 
D. 
Crawford 
et al., 
1996 
(C. gigas) 
Oyster production in relation to 
primary production and nutrient cycles 
in ongrowing and fattening areas. 
Predict CC of intertidal shellfish areas. 
Apply model to other shellfish farms 
and to the day-to-day farming 
management. 
CC models are feasible but require detailed site-
specific information of growing area. 
Generalized model not achievable because of 
significant differences in hydrodynamic regimes 
and physical characteristics of sites. 
Insufficient data on primary production 
collected (theoretical values used). 
Need to look at variation over cross-section 
of each box of hydrological model- more 
accurate information and use of a 2-D model. 
More on maximum ingestion rates and 
environmental factors. Need to add 
concentrations of nitrates and phosphates and 
chl-a. Consider other filter feeders 
E. 
Bacher  
et al., 
1998 
Mathematical models to calculate CC. 
Highlight and interpret the differences 
between two systems that were studied 
in similar ways. 
Decrease in production by increasing standing 
stock. Differences between the 2 systems based 
on biological and physical flows. Model showed 
parabolic curve of production/ stock relationship 
and its sensitivity to ecological parameters and 
economic constraints. Zooplankton was removed 
because of a low influence on phytoplankton 
dynamics in contrast to oyster grazing. 
 
Very simple ecological model (in terms of 
population dynamics)- no consideration of the 
import of oysters between and within bays. 
Comparison was limited as systems have 
different flow rates. 
Food depletion presented for local oyster 
density consumption but not for overall bay 
scale. 
F. 
Ferreira 
et al., 
1998 
(C. gigas) 
Simulate oyster growth by means of 
ecological model performing a mass 
balance for nitrogen in relation to 
physical and biological variables. 
Assess CC for oyster culture and 
examine different management 
strategies. 
Change in nitrogen loads was not noticeable as 
oysters depended on other particulate matter than 
phytoplankton. Use of demographic model to 
describe biomass dynamics of species. 
Harvestable and non-harvestable classes and 
population recovery rate was needed for 
optimising sustainable yields. Need for coupling 
physiological & demographic & physical-
ecological model for management purposes. 
Bias in results due to low number of boxes.  
Scope for growth was calculated based on 
constant parameters over a simulation period- 
weakness: growth changed as physio- and 
morphological adaptations occurred at 
different time-scales. 
Improve demographic model: 1) use an age-
weight only; 2) need more flexibility and 
utility for management terms. 
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Table 2-2 (III): Summary of some published carrying capacity (CC) models for different species of oysters and a case study for scallop and polyculture system. 
Font in italics are suggested improvements. 
Reference Purpose / Model characteristics Conclusions Limitations /improvements needed 
G. 
Chapelle 
et al., 
2000 
Oyster 
general 
Quantification of the relationships 
between primary production, 
zooplankton predation, oyster 
filtration, sediment exchanges and 
watershed inputs. 
Based on nitrogen cycling and oxygen 
levels. Exportation of nitrogen by 
harvesting was considered 
 
Shellfish areas sensitive to oxygen depletion 
because of benthic sediment demand. 
To understand annual primary production it is 
necessary 1) new primary production (nitrate- 
diatoms- mesozooplankton) highly controlled by 
watershed input; 2) regenerated primary 
production (ammonia- pico- nano- micro-
zooplankton) based on internal nitrogen cycling. 
Need to consider production & consumption 
of oxygen in sediment by algae and fauna in 
addition to diffusion of oxygen consumed by 
mineralization and nitrification.  
Need to include macrophytes and 
microphytobenthos. 
Improvement on the nutrient input and spatial 
and temporal variability. 
H. 
Gangnery 
et al., 
2001 
(C. gigas) 
Predict changes in standing stock and 
annual production through a model on 
population density as a function of 
mortality rate, individual growth rate & 
interindividual variability.  
Population dynamics represented with 
a continuous time & weight- dependent 
equation 
 
Food consumption and biodeposition modify 
concentration of food and primary production. 
Growth of oysters strongly related to water 
renewal time (due to winds), rate of primary 
production, nutrient recycling, clearance time 
and biodeposition rate. 
The simulated standing stock represented 
only a fraction of total standing stock as one 
cultivation technique was assessed only. No 
temporal and spatial variability of standing 
stock. Oyster density assumed to be uniform. 
Need to address the link between the 
ecosystem dynamics and feedback on 
cultivated population dynamics. 
I. 
Niquil 
et al., 
2001 
Pearl oyster 
(Pinctada 
margaritifera 
& maculata) 
Use inverse analysis to obtain a 
complete food web for the pelagic 
community including planktonic 
processes and farmed pearl oysters. 
Lack of spatial/temporal variation in water. 
Detritus constitutes the main food compartment. 
Low carbon flows from plankton to bivalves. 
Oysters had little effect on food web because low 
consumption of primary production. Plankton 
composition was mainly pico-particles as pearl 
oysters can not effectively select such size 
particles (lack of eu-latero-frontal cirri) 
Limitation due to methodological choices: 
simple exchanges between planktonic 
subsystems and remainder of ecosystem. 
Consider coupling between benthic and 
pelagic process. Calculate consumption of 
each planktonic compartment. Consider 
increment of stock or inter-specific 
competition. 
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Table 2-2 (IV): Summary of some published carrying capacity (CC) models for different species of oysters and a case study for scallop and polyculture system. 
Font in italics are suggested improvements. 
Reference Purpose/ Model characteristics Conclusions Limitations /improvements needed 
J. 
Bacher 
et al., 
2003 
Scallop 
(Chlamys 
farreri) 
Assess growth and feeding by 
combining transport (velocity and food 
delivery) with ecophysiological model 
taking into account food depletion at a 
local scale. 
Presence of food enabled a weight increment of 
1.5g dry tissue. Growth was correlated to POM 
and maximum current velocity. Variability of 
growth due to food limitation.  
Model at 1000m scale was optimum for 
managing growth performance. 
Environmental variability masked 
measurements of depletion in field. Monthly 
sampling did not account for short-term 
variability (e.g. tides). Model sensitive to 
‘sink of particles’ based on feeding or 
ingestion. 
Depletion models at large scale involve 
intensive temporal and spatial sampling.  
 
K. 
Nunes 
et al., 
2003 
(C. gigas) 
Scallop 
(Chlamys 
farreri) 
Kelp 
(L. japonica) 
To integrate a bay-scale ecological 
simulation with individual-based 
modelling of scallops and oysters and 
upscales the individual processes for 
each species by using multi-cohort 
population dynamics model 
Increasing food limitation caused decreased 
growth. Changes in phytoplankton had effect on 
overseeding at ecosystem level. Oysters sensitive 
to low phytoplankton, taking up most of it and no 
export to sea from bay.  
Reviews to aquaculture practices (i.e. increasing 
total production will reduce harvest efficiency 
due to limit resources) 
Data gathered did not allow for full validation 
of model. Human component is a limitation 
as increase harvesting pressure.  
Need other tools for location of farms, food 
availability and depletion and water flow 
effects. 
Include social component as a state variable 
more than as a driving force. 
L. Jiang & 
Gibbs, 2005 
Green 
Mussel (P. 
canaliculus) 
CC of suspended bivalve culture was 
calculated using a linear food web 
model representing the whole 
ecosystem configured for present state, 
predefining boundary ecological states 
representing the limits of system. Food 
web gets perturbed by introducing 
different densities of mussels until 
reaching production and ecological CC 
 
Model used to investigate present functioning of 
system and how this may change if intensive 
mussel culture is introduced. 
Introducing mussels in the system resulted in a 
decrease in its mean tropic level, increased in 
total yield and efficiency, shift of zooplankton 
role by mussels as major grazers. 
Estimations for the ecological CC were 5 times 
lower than production CC 
 
The Ecopath steady state mass balance model 
used here incorporates all trophic levels of 
marine systems- it uses too many variables. 
The present state of the system was best guess 
leading to potentially large variability 
 
Ecopath cannot be used to simulate changes 
to flows with time. This model does no 
consider marketable cohorts so can no be 
used from a production planning point 
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Table 2-3: Summary of the parameters used in the models in Table 2-2 
 
 Carrying capacity models for oysters 
Variables 
explained in 
model 
A B C D E F G H I J K L 
Physical 
characteristics 
            
Temperature X  X X  X X X  X X  
Water 
movement 
X X X X X X  X X X   
Salinity X  X X         
Turbidity X  X          
Wind       X X X    
Light  X  X  X X    X  
Currents X  X       X   
Run-off       X      
Oxygen levels       X      
Sediment 
surface 
      X      
Particle 
sedimentation 
 X    X   X    
Water particles             
DIN  X    X     X  
TPM X X   X X    X X  
POM X     X    X X  
POCarbon      X   X    
PONitrogen  X    X X  X    
Phytoplankton     X  X  X  X X 
Chlorophyll-a X X  X  X X X  X X  
Zooplankton       X     X 
Physiological 
components 
            
Respiration   X   X  X  X X X 
Filtration rate X X X X     X X X  
Assimilation 
efficiency 
X X X X     X X X  
Reproduction/ 
spawning 
  X       X   
Somatic growth  X X  X   X  X X  
Other             
Bivalve biomass X  X    X     X 
Primary 
production 
 X    X   X  X  
Mortality   X     X   X X 
Stock density X X    X  X  X X X 
Biodeposits      X X X  X X X 
Population level     X X  X   X X 
Recruitment- 
larval/seeding 
  X  X   X   X  
 
Sources: A) (Carver and Mallet, 1990); B) (Raillard and Ménesguen, 1994); C) 
(Powell et al., 1995); D) (Crawford et al., 1996); E) (Bacher et al., 1998); F) 
(Ferreira et al., 1998); G) (Chapelle et al., 2000); H) (Gangnery et al., 2001); I) 
(Niquil et al., 2001); J) (Bacher et al., 2003); K) (Nunes et al., 2003); L) (Jiang and 
Gibbs, 2005) 
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2.9 Conclusions  
Carrying capacity and the relationship of bivalves to their food supply is scale-and time- 
dependent. It can range from inter-individual competition between adjacent individuals at the 
smallest scales to bay-wide interaction between growing areas. These can all vary with seasons. 
Comparisons of stocking densities or production per unit area between major shellfish areas 
around the world is difficult because of a great variability of the ways stocking density levels 
are reported. Oyster populations can control phytoplankton blooms, reduce suspended particles 
though filter feeding and facilitate regeneration of inorganic nutrients by benthic process 
(Cloern, 1982; Officer et al., 1982; Souchu et al., 2001). Large spatial and temporal variability 
in phytoplankton levels indicate that other components of the suspended particulate organic 
matter (POM) such as detritus and bacteria may also be used by oysters to maintain their 
required nutrient components, in addition to their physiological adaptations to the various 
environmental conditions. The simplest model needed to estimate carrying capacities should 
include the physical aspects of the estuary such as flushing time, primary production time such 
as the rates of phytoplankton biomass and/or phytoplankton production and, an estimate of 
oyster filtration or clearance rates such as the time that the oyster biomass takes to filter 
particles from the total system volume (Dame and Prins, 1998). Selecting the appropriate spatial 
and temporal scale will still be a challenge. If the scale is not appropriate the output calculations 
might under- or over-estimate the carrying capacity estimation (Duarte et al., 2005).  
Comparison of the reported estimates of the carrying capacities for different ecosystems 
suggests that: a) each ecosystem is unique, making the extrapolation of data almost impossible; 
b) some systems are self-sustaining, requiring no external nutrient importation; c) most of the 
major model components are dynamic with high variability depending on seasons or 
environmental conditions and, d) some of the processes described are not fully understood, so 
the relationships between certain parameters are uncertain (Dame, 1996). Despite these, as long 
as the main processes that drive the system are included in the models, simulated outputs should 
be not far from observed conditions.  
Based on this review, the following approach will be used: (I) exploration and 
measurement of the various processes occurring in the water column of the sampled estuaries; 
(II) determination of oyster growth across size-classes and cultivating grounds; (III) integration 
of the two previous points and selection of primary drivers and identification of trends. These 
will be modelled in order to explore different scenarios of varying stocking densities so that the 
limit of the system under these conditions can be estimated. 
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CHAPTER 3: Study Areas: Clyde and Shoalhaven 
Rivers 
 
This chapter describes the geography, hydrology, and ecology of the estuarine study sites 
selected in the Clyde and Crookhaven/Shoalhaven catchments where field research was carried 
out.  
3.1 Site selection 
Sydney rock oyster (SRO) production in NSW has been in a state of decline since the mid 
1970s (White, 2001) (see Chapter1, Figure 1-2). One hypothesis for this decline is that some 
growing areas in NSW have reached or exceeded their carrying capacity for oyster production. 
Field sites were chosen for this research using the following criteria: 
• Because there are no current guidelines in NSW on sustainable levels of oyster 
stocking densities (see Chapter 1, section 1.4) oyster growers’ opinions were 
sought to identify locations potentially affected by overstocking. 
• At least one near-pristine estuary with low levels of catchment development was 
required so that potential overstocking issues could be separated from factors 
arising from catchment development. 
• A second similar estuary field site with comparable physical attributes, particularly  
as flushing time and temperature was required close to the first site for comparison 
of oyster growth experiments  
• In both field sites, Sydney rock oysters should be the only cultivated species so 
that no other cultivated species of bivalves would affect the ecological 
characteristics of the estuary. 
• Presence of oyster farmers in the study area willing to collaborate in the research 
Using the above criteria, the Clyde River draining into Batemans Bay, (Figure 3-1) and the 
Shoalhaven/ Crookhaven Rivers near Nowra, (Figure 3-1) were selected.  
Many NSW oyster growers identify the Clyde River as an example of an overstocked 
estuary. The production in this river expanded rapidly from 1963/64, doubling in the following 
4 years and doubled again over the next 3 years. Clyde growers subsequently increased their 
cultivation areas within their lease areas, increasing substantially the number of oysters per lease 
area. Some growers have estimated that a 3-fold increase occurred (A. Thors, pers. comm., 
2003). The Clyde River is considered to have one of the few near pristine estuaries in NSW as it 
has good water quality sourced from National Parks and State forest. 
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The Shoalhaven/ Crookhaven River, the closest large oyster producing river system to the 
Clyde River, lies approximately 100km apart to the North. The proximity of both sampling 
estuaries means that the differences in the oceanic and climatic environments are small, 
especially since both rivers lie to the south of the zone of influence of the Eastern Australian 
Current (EAC). As a result, oceanic temperature differences were expected to be small and wind 
regimes were anticipated to be similar. As a consequence, similar upwelling events might occur 
in both locations.  
The Sydney rock oyster is the only species cultivated in both of the estuaries although 
there is a small percentage of feral Pacific oysters (Crassostrea gigas) living on the intertidal 
shoreline in both. Some farming practices implemented in these estuaries are identical but 
others differ. Most of the farming grounds at the Crookhaven/Shoalhaven Rivers, for example, 
are in shallow waters so farmers mainly use inter-tidal rather than sub-tidal systems. 
 
Figure 3-1. Geographical location, catchment area and aerial photographs of the 
entrance of the two river systems used in this research: the Crookhaven/ 
Shoalhaven Rivers and the Clyde River (NSW, Australia) 
Catchment area for the Crookhaven/Shoalhaven R. marked with blue line; for 
Clyde R. marked with red line 
Source: Photos from Dep’t of Infrastructure, Natural Resources and Planning 
(DIPNR). NSW Shellfish estuaries map from NSW Food Authority. 
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3.2 Geography and geology of sites 
The Clyde and the Crookhaven/Shoalhaven Rivers are located on the southern coast of 
NSW. Estuaries along this coast were formed during the quaternary glacial and inter-glacial 
periods following sea level rise over the past 20,000 years, which entered and in-filled bedrock 
valleys (Roy, 1984). The study sites differ in geography and morphology, tidal ranges and 
catchment properties, which influences flushing times, cycling of nutrients and nutrient inputs 
into the estuaries. The characteristics of the estuaries are listed in Table 3-1. 
Table 3-1. Characteristics of the Clyde R. and the Crookhaven/ Shoalhaven R. and their 
catchments 
 Clyde R. [ID. 56] Crookhaven/ 
Shoalhaven R.  [ID. 43] 
Grid reference 150º15’E  35º45’S 150.8º45’E  34.9º55’S 
Catchment land useA Largely forested (94%) Agriculture (dairy) (63%) 
Catchment condition 
Assessment/areaA,B 
Largely unmodified  
2,900- 1, 837 km2 
Largely modified 
7,500- 7,326 km2 
Estuary typeC,D Tide dominated drowned River dominated estuary with 
a wave dominated delta  
Estuary mouthD Open with a single training 
wall on the south side 
Shoalhaven heads are 
intermittently closed. 
Crookhaven entrance 
permanently open with single 
training wall (Fig. 3-3) 
Estuary open water 
areaA,D / lengthE 
25.4 km2 / 37.19 km 21 km2 / 49.47km 
Tidal limit 42km from entrance 49 km from entrance 
Depth Mean (Max) (m) 5 (11) 3.4 (8.7)  
Tidal range (m) 1.28-1.44 0.81-0.96 
Estuary vegetation B,D Mangrove area: 2.-3 km2 
Seagrass area: 0.16- 0.23 km2 
Saltmarsh area: 1 km2 
Mangrove area: 3- 6 km2 
(17%) 
Seagrass area: 1 km2 (4.9 %) 
Saltmarsh area: 1.5 km2 (7.4%)
Estuary feautresB,E Intertidal flats: 3.68- 1.47km2  Intertidal flats: 4.21-0.84km2 
SEDNET model 
(estimates)F 
Fine Suspended Sediment 
Dissolved Phosphorus 
Fine Sedim. Phosphorus 
Dissolved Nitrogen 
Fine Sediment Nitrogen 
 
 
26.2 Kt/ yr 
5 t/yr 
17 t/yr 
174.12 t/yr 
62.1 t/yr 
 
 
137.2 Kt/yr 
30.4 t/yr 
129 t/yr 
643.42 t/yr 
611.3 t/yr 
Oyster production 
(kg/yr)G 
2002/03: 407,015 
2003/04: 474,966 
2004/05: 557,640 
2002/03: 98,588 
2003/04: 96,772 
2004/05: 86,340 
Sources: A- (OzEstuaries, 2005); B- (Digby, 1998); C-(Roy et al., 2001); D- (DIPNR, 
2005); E- (NLWRA, 2001); F- (SedNet, 2004); G- (NSW DPI, 2005)  
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3.2.1 Clyde River geography and geology 
The Clyde River or Bhundoo, which is its aboriginal name, is located 280km south of 
Sydney (150° 15´E; 35° 45´S) and is one of the last major rivers in eastern Australia that 
remains undammed (Figure 3-2). The Clyde is located on the coastal lowlands of southeast 
NSW, separated from the southeast highlands by the Great Escarpment. Its total length is 
approximately 110km with 37.19 km of estuary. Based on the Clyde’s sedimentology and 
stratigraphy, the upper and lower catchment have common basalt and sediment rocks (Spry et 
al., 1999), which are a source of nutrients to the Clyde waters.  
The Clyde River has a mountainous source in the Sassafras area and descends south 
through Monolith Valley, flowing through 3 national parks and 10 state forests. About 48% of 
the land in the catchment is covered by State Forests and a further 43% by National Parks. Only 
5% of the Clyde’s catchment area has been cleared, a very low percentage by Australian 
standards. Only about 62 km2 or 3.6% of the catchment area under agriculture (DIPNR, 2005).  
Despite the pristine ecology in the upper catchment, the Clyde River is subjected to 
increasing direct and indirect impacts of coastal development. At its mouth, 0.1% of the 
catchment (1.69 km2), is urban area. Below Shallow Crossing, 38km from the mouth, the Clyde 
becomes an estuary with tidal influence. Nelligen Creek and Cyne Mallowes Creek flow into 
the Clyde River just upstream of Nelligen, approximately 16km from the mouth. Buckenbowra 
River forms another important tributary joining the main river from the south-west close to Big 
Island, 8 km from the mouth (see Figure 3-2). All these tributaries cover a large area of the 
catchment contributing towards nutrient input, especially after rain events. The Clyde River has 
a fluvial-bay-head delta of 5.2 km2 (DIPNR, 2005). 
The Clyde River is a largely unmodified estuary and is classified as a ‘tide-dominated 
estuary and drowned river valley’ under Roy’s classification (Roy et al., 2001; OzEstuaries, 
2005). These types of estuaries have a characteristic narrow and steep shoreline, with a broad 
sedimentary basin. The estuary area has been quoted variously at 25.4km2 by the Australian 
Geological Survey Organisation (NLWRA, 2001) and 30 km2 (WBM Oceanics Australia, 
1999a), with the total catchment area of 1,791km2. The upper catchment area, upstream of 
Shallow Crossing, is approximately 952km2.  
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Figure 3-2: The Clyde River estuary and its tributaries.  
Notes: The area between the two bridges Nelligen and the Princes Highway (red 
font) is the sampling area. 
Source: Batemans Bay and district. Craigie’s visitors map. Cartodraft Australia 
Pty. Ltd. 10th edition. Scale 1:110,000 
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3.2.2 Crookhaven / Shoalhaven River geography and geology 
The Crookhaven/Shoalhaven system is located 150km south of Sydney (150° 45´E; 34.9° 
55´S) and is one of the state’s largest south coast rivers, with a total river length of 300km 
(Figure 3-3). Because the Crookhaven is a relatively short tributary and the oyster growing area 
is dominated by the hydrological characteristics of the Shoalhaven, the system hereafter will be 
called the Shoalhaven River for simplicity. The coastal floodplain, downstream of Nowra, 
covers an area of 120 km2 (Umwelt Pty Ltd, 2005). Tidal range varies along the river, from full 
ocean tide at Crookhaven Heads, to 60% of the ocean tide at Gypsy Point, 26km upstream, and 
zero at the tidal limit at Burrier, 49km upstream. In the upstream area of the river, between 
Burrier and Nowra, the river’s substrate is bedrock. Downstream, the substrate changes to 
alluvial deposits. There are a number of large and small relict islands all the way to the mouth. 
The downstream tidal area of the Shoalhaven has been described as an ‘infilled basin/floodplain 
complex’ (Roy et al., 2001). The original embayment in the area has infilled with sediment, and 
fluvial sand is now discharged to the ocean during flood events. The estuary has two entrances; 
one permanently open at Crookhaven Heads, and the other temporally closed at Shoalhaven 
Heads, approximately 5km north. The Shoalhaven system is a ‘river dominated with a wave-
dominated delta’ (Roy et al., 2001). The Crookhaven entrance has a single training wall 
partially modifying the water flow entering this system. 
The largest town on the river is Nowra, located 18km upstream from the Crookhaven 
Heads entrance. There are 2 creeks feeding into the lower Shoalhaven River, Bomaderry and 
Broughton creeks (see Figure 3-3). Approximately 63% of the total catchment (DIPNR, 2005) is 
used for crop/pasture and plantations. The Shoalhaven plains through which the river flows are 
one of the richest dairy areas in NSW. 
This estuary is classified as a ‘severely modified river’ due to the construction of Tallowa 
and Danjera dams and due to the construction of Berry’s Canal in the 1820s as a consequence of 
sediment deposition at the Shoalhaven mouth. This has altered the water flow and oceanic 
exchange in the estuary. Discharge from drained acid sulfate soils in the coastal flood plains and 
from the industrial pollutants also adds to the classification of severely modified.  
There are four distinct land use zones in the Shoalhaven catchment. The first zone is the 
upper section which is typically grazing and rural residential, mining and forestry with large 
areas of bushland. The second region lies in the top mid-section in Kangaroo Valley and Berry 
where tourism, dairy and turf farms occur.  The third zone is the residential and industrial areas 
associated with the city of Nowra in the low mid-section. In the lower estuary, there are mainly 
oyster industries, commercial fishing, tourism, dairy and grazing. 
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Figure 3-3: Crookhaven/ Shoalhaven River estuary and its tributaries below Nowra  
Notes: Yellow dots indicate locations mentioned in the text 
Source: Kiama, NSW. Topographic map. Scale: 1: 100 000. AUSLIG. 2nd Edition. 
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3.3 Climate and Hydrology of the sites 
This section summarizes the meteorology and hydrology of the field sites. Firstly, the 
common aspects of both estuaries will be described due to their close geographical location. 
Secondly, more specific characteristics of each river and its catchment will be presented. 
3.3.1 Climate of the sites 
Both sampling estuaries on the south coast of NSW are temperate, with typically mild 
summers and cool winters and are slightly humid. Mean monthly sea temperature changes 
latitudinally along the coast of NSW. The sea surface temperatures in waters off Sydney range 
from 17.7 – 23.5ºC, with an annual average of 20.6ºC. Off Batemans Bay, they range from 16.3 
– 22.7ºC, with a annual average of 19.5ºC (BOM, 2006). Using a linear interpolation between 
these two sites, it is expected that the temperature range of the ocean off Shoalhaven should be 
16.9 – 23ºC with an approximate annual average of 19.9°C. Prevailing winds along the coast 
tend to change direction seasonally; in winter they are south-westerly to westerly whilst in 
summer winds are mainly north to south-easterly (observations during fieldwork). 
 
Figure 3-4. Average annual precipitation in NSW for the period 1900-2006 
Source: NSW Bureau of Meteorology 
 
The NSW average annual rainfall is 950-1100 mm (Figure 3-4) with fairly even monthly 
distribution of rainfall (Turak and Waddell, 2000; BOM, 2006) despite the fact that most of the 
NSW estuaries are characterized by variable water flow due to variable rain patterns. However, 
during the sampling period of this thesis, rain patterns fluctuated slightly from month to month 
and from the first to the second year (see Figure 3-5 and Figure 3-6) in the two studied estuaries. 
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Overall rainfall levels at the different rain gauges through the catchment correlate well with 
water flow so that the latter parameter will be used in the data analysis as described in Chapter 
5. Rainfall variability in recent years might be a consequence of the changes in climate. Rainfall 
is dominated by ENSO and other climatic events, which may operate on decade-long cycles 
(Power et al., 1999). This should be taken into consideration especially if rainfall has any effect 
on oyster production in NSW. 
 
 
Figure 3-5: Monthly rainfall by year for two rain gauges in the lower Clyde River 
catchment: a) B. Bay Town (at the Catalina Club, Station Number 69134); b) 
Brooman (at Carisbrook, Station Number 69121) for the period 1992-2005 
 
 
Figure 3-6: Monthly rainfall for three rain gauges in the Shoalhaven River catchment: 
Nowra Town (Station Number 68072); Moss Vale (Station Number 68239) 
and Bomaderry creek (Station Number 215016) for the period 2003-2005 
3.3.2 Hydrology of the sites 
Australian rivers have a distinctive hydrology compared to other rivers in the world due to 
highly variable annual flows (Eyre, 1998; Eyre and Balls, 1999). The Clyde R. and the 
Shoalhaven/Crookhaven R. are temperate estuaries due to their geographical location and 
hydrology. Temperate estuaries are characterized by the lack of a well-defined seasonal 
variation in the flow compared to, for example, subtropical estuaries which are characterized by 
summer floods and winter droughts (Rochford, 1959). Temperate estuaries have some slight 
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stratification for most of the year due to small-scale constant freshwater supplies. However, if a 
large discharge event takes place, strong salinity stratification may occur. This generates 
buoyant freshwater plumes or, under special circumstances, salt-wedges depending on the 
structure of the estuary and the inflow volume. In general, salt-wedges do not develop, as the 
rainfall events are short and the tidal exchange breaks down the vertical stratification and 
induces mixing of waters of different salt content (Eyre, 1998). Water stratification has an 
important influence on the ecology of the estuary. Stratification can potentially decouple benthic 
and pelagic interactions occurring in the estuaries, and therefore, could change the biological 
processes governing nutrient availability. 
3.3.2.1 Clyde River hydrology 
The Clyde River is one of the few coastal rivers in NSW that transport fluvial sediment to 
the ocean. The beaches close to the mouth of the Clyde are supplied with sand from this river. 
During the last decade, Clyde oyster growers claim that the entrance to the estuary, which has a 
mobile and shifting sand bed, has silted up, reducing the oceanic water influence in the river 
(Clyde oyster growers, pers. comm. 2003). The southern side of the entrance is relatively stable 
with a single training wall, while more instability occurs along the northern side (WBM 
Oceanics Australia, 1999a).  
WBM Oceanics (1999) developed a hydrodynamic model for the NSW Estuary 
Management Policy. This model was used to examine sediment and hydrodynamic processes 
occurring along the Clyde River. It has been estimated that the training wall constructed in 1899 
has trapped approx 800,000m3 of sand corresponding to 80% of the net supply to the inner bay 
over the past 100 years. This sand volume may otherwise have remained in the sand circulation 
system of the Bay (WBM Oceanics Australia, 1999a).  
While the Clyde River catchment remains nearly pristine and the unregulated, local oyster 
farmers are concerned about the potential downstream impacts of modifications in the upper 
catchment, through logging and/or water extraction (Clyde oyster growers, pers. comm. 2006). 
As a result, currently, management plans and environmental management systems are being 
developed for the whole catchment to protect downstream users. 
3.3.2.2 Shoalhaven River hydrology 
Before European settlement, the river at Shoalhaven Heads, was mostly open to the ocean, 
so that there was an interchange of estuarine and oceanic waters. In 1822, James Berry, a 
European settler had a channel excavated by convict labour through a sand bar to improve boat 
access to the river. This channel has eroded due to tidal flow into ‘the Berry Canal’, which 
scoured it deeper and wider. This is now the main river channel discharging into the ocean. The 
opening of this Canal reduced the water flow through the Shoalhaven Heads allowing a sand bar 
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to develop and close this entrance almost permanently. Oceanic exchange now occurs through 
two entrances; the intermittently open and untrained entrance at Shoalhaven Heads and the 
permanently open Berry’s Canal with a single training wall at Crookhaven Heads.  
This estuary is influenced primarily by river energy, so the river has a wave-dominated 
delta, with low sediment trapping efficiency, naturally low turbidity, and the occasional 
presence of a salt wedge. There is therefore a low risk of habitat loss due to sedimentation 
(Umwelt Pty Ltd, 2005). As a consequence of being a ‘barrier estuary’ (Roy et al., 2001), the 
Crookhaven/ Shoalhaven River is also one of the few NSW rivers discharging fluvial sand into 
the ocean. Sand dynamics in this river system are active and intensive, quickly changing the 
location and extent of most of the sand flats. 
The hydrology of the Shoalhaven was altered dramatically by the construction of various 
upstream dams (section 3.2.2) The presence of these dams has decreased downstream flows, 
reduced minor flood events, altered water and environmental characteristics (Healthy Rivers 
Commission, 2003) and created a barrier to the migration of native fish species (Umwelt Pty 
Ltd, 2005). Water discharges from the dams decrease downstream water temperatures and 
increase turbidity in the areas 4km downstream of the dam.  It has been suggested that tidal 
processes dominate areas further downstream from the dam (The Ecology Lab Pty Ltd, 1996). 
Hydrodynamic modelling of the river has estimated that a flow of 43,000 ML will be needed to 
flush the whole estuary after which salinity values would re-establish in a period of 2-3 weeks 
(The Ecology Lab Pty Ltd, 1996).  
The presence of dams in the upper regions of an estuary could severely affect oyster-
growing estuaries by decreasing upstream nutrient discharges, especially in those oyster 
estuaries that rely on upstream nutrient delivery. 
3.4 Ecology of sites 
Both field sites in this study have valuable ecological areas and are also popular holiday 
destinations. Both estuaries have management plans in force highlighting and protecting the 
surrounding environments.  
3.4.1 Clyde River ecology 
In the 1990s, the South Coast Water Management Committee identified the Clyde River as 
having high conservation value (HCV) due to the high quality of its waters and a number of 
unique features including protected habitats such as open waters, wetlands, salt-marshes and 
mangroves, sedimentary habitats to reefs and intertidal rocky shores and riparian vegetation 
(WBM Oceanics Australia, 1999b). The Clyde estuarine wetlands are listed on the National 
Estate as protected areas, Cullendulla Creek for example is listed under SEPP 14 wetlands. 
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Some downstream wetlands are threatened by sedimentation and pollution from adjacent urban 
developments in addition to significant weed invasion. The Clyde is also considered a Heritage 
river system, as it is one of the few NSW rivers in good, near-natural condition. Forestry 
practices are becoming more intensive in some parts of the catchment, which might become an 
issue in the future. 
Seagrasses are one of the indicators for ecological health of coastal estuaries as they 
contribute towards the stabilization of sediments (Newell and Koch, 2004), provide habitat for 
juvenile fishes and mobile invertebrates and are significant components of the cycling of 
nutrients within estuaries. It was observed during this fieldwork and by The Ecology Lab Pty 
Ltd (2002) that there was very little ephiphyte cover on the seagrasses in the Clyde River. This 
could be a consequence of low levels of nutrients in the water column. The largest seagrass beds 
are located on the southern banks at the mouth of the river, adjacent to Sheep Station Creek and 
in Cyne Mallows Creek (Figure 3-2). Zostera capricorni is the dominant seagrass species in the 
Clyde, although shoots of Heterozostera tasmanica have also been found (The Ecology Lab Pty 
Ltd, 2002). 
Riparian vegetation along the Clyde River has been reported to be dense along 68% of the 
upper river's length and sparse along 30% of the lower sections (WBM Oceanics Australia, 
2004). Near the town of Batemans Bay there is little or no riparian vegetation except for grasses 
and weeds occurring in the flats. This lack of riparian vegetation affects water quality due to soil 
erosion and subsequent inputs of terrigenous matter into the estuary, especially during large rain 
events. 
The Clyde River currently has largely unchanged ecology in its upstream areas. There are 
however some threats to the River and its estuary. Priority concerns of the local oyster industry 
are: sediment input from unsealed roads and tracks; weed invasion along the riparian zone; 
urban development, especially in the downstream area; and increasing pollution events 
involving urban stormwater inflow and sewage spills. 
3.4.2 Shoalhaven River ecology 
The Shoalhaven System has been affected in the past by anaerobic and turbid industrial 
discharges leading to deterioration of the water quality and impacts on ecology. Over the past 
10 years, these loadings have been diverted from the river to land disposal and significant 
ecological improvements have been observed (Shoalhaven oyster growers, pers. comm. 2004).  
Erosion of the banks of the Shoalhaven has occurred since the earliest period of European 
settlement and continues to cause loss of foreshore. This affects the aquatic ecosystems through 
sediment mobilisation. Another source of erosion is created by cattle, grazing in the unfenced 
riparian zone used for dairy farms. Erosion is caused by cattle moving down the steep banks at 
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low tide to graze on the mangroves (Collison oysters, pers. comm. 2004). However, a fencing 
program has been recently put in place through the local Catchment Management Authority 
(CMA) in order to avoid cattle faecal contamination, which is the major threat to oyster 
farming. 
Mangroves are a key element in the ecology of southern estuaries. The grey mangrove 
(Avicennia marina) is native to the lower part of the Shoalhaven. This species is displaced by 
the river mangrove (Aegiceras corniculatum) in areas further upstream (Umwelt Pty Ltd, 2005). 
Mangroves produce massive quantities of organic material, mostly in the form of fallen leaves 
and seeds and also produce large amounts of fixed carbon which it is known to support detritus-
based food webs (Rodelli et al., 1984).  
It has been estimated that there is approximately 300,000 km2 of acid sulfate soils (ASS) in 
Australia, of which 4,000 - 6,000 km2 are located in NSW (White et al., 1997). The Shoalhaven 
River has two major hotspots for potential problems with ASS, Broughton Creek and elsewhere 
in the floodplain of the lower catchment. This environmental problem is related to floodplain 
drainage practices. Deep and narrow drains were excavated for maximum drainage. This 
lowered the floodplain water table and exposed buried iron pyrite to oxygen, oxidising it to 
sulphuric acid and acidifying the drainage waters. These acid discharges can have a major 
impact on oyster production (Dove, 2003).  
Most of the seagrass beds are found in the sheltered areas of this estuary, especially around 
oyster leases where floating cultivation is used instead of intertidal methods, which are, mostly 
employed on the Clyde. While oyster leases can affect the benthic environment and flow regime 
of the river, properly managed leases appear to have low impact.  
3.5 Water quality of sites 
Both field sites are monitored by local councils under their environmental monitoring 
programs. These programs fall under different local councils and have differing aims and 
different sampling strategies. Some are for collecting routine background water quality data and 
others are for determining whether the water of an area is safe for swimming or drinking. Data 
gathered from both relevant programs will be used as background information in this thesis (see 
chapter 5). 
The water quality in the Clyde River is currently quite good, permiting recreational use, 
oyster production and maintaining ecological health and biodiversity. The mangroves and 
seagrass beds are healthy and productive in the study area.  
In contrast, the Shoalhaven system suffers from both point and diffuse sources of pollution, 
from urban and rural runoff, sewage treatment plant and industrial wastewater discharges and 
drainage from acid sulfate soils. Although high readings of E. coli and nutrients have been 
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recorded in this river, particularly after significant rain events, water quality is generally 
acceptable for oyster growing and marketing. There have been no reports of large-scale algal 
blooms and no major impacts on oyster production of acid sulfate soils in the Shoalhaven.  
3.6 Oyster production at the study sites 
As a result of slightly different environments, various farming practices are employed in 
the two studied estuaries. Most of the farming areas in the Shoalhaven system are in shallow 
waters, so intertidal farming techniques are more frequently used than subtidal.  
Figure 3-7 shows that oyster production for both the Clyde and Shoalhaven Rivers 
increased significantly during the mid 1960s reaching a peak in the early 1970s. After this peak, 
oyster production has fluctuated slightly around an average of approximately 5000 and 2000 
bags for the Clyde River and the Shoalhaven system respectively. Since the early 1990s, Clyde 
production has increased whilst the Shoalhaven R has decreased. Lease area in the Clyde is 
currently 188ha whilst it is 153ha (20% less) in the Shoalhaven (NSW DPI, 2006).  
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Figure 3-7: Clyde River and Crookhaven & Shoalhaven River production (bottle and 
plate oysters)  
Source: NSW DPI Fisheries Unpublished Data. 
3.6.1 SRO production in the Clyde River 
There are 23 oyster growers in the Clyde River. Most oyster leases are in the down-stream 
and mid-stream areas of the estuary, particularly between the Princes Highway Bridge and the 
Buckenbowra River (4.5 km upstream, see Figure Figure 3-2). Smaller lease areas also occur in 
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the upstream area extending to 2km downstream of the Nelligen Bridge, which is 12km 
upstream from the mouth. Feral oysters also occur on natural substrates such as on banks, rocks, 
and mangrove roots. 
 Oyster production in the Clyde R (see Figure 3-7), has increased over the last 5 years but a 
closer examination to the final production data demonstrates that there has been a shift to 
producing smaller, bottle grade oysters, which now make up the largest market share (see 
Figure 1-5, in Chapter 1). Some farmers claim that this shift has been a result of market 
demand, with customers wanting cheaper, smaller oysters. Others say that it is a result of not 
being able to produce the same number of large Plate oysters as previously, so that they are 
forced to sell small oysters in order to maintain their cash flow (Chen, 2006). With the recent 
demise of the Hawkesbury River SRO industry, due to the outbreak of QX disease, the Clyde 
River became the second largest producer estuary in NSW in 2004-05 (NSW DPI, 2005). As a 
consequence, the industry is currently experiencing a significant increase in demand for oysters. 
 
Figure 3-8: Intertidal stick cultivation of Sydney rock oysters in the Clyde River (Clyde-3 
location), NSW, at low tide 
 
Clyde R. growers and other growers in NSW relocate or relay oysters to different areas of 
the estuary for different stages of the growth phase. This is an attempt to optimise conditions of 
salinity, food availability, growth rates and to avoid diseases such as QX and Winter Mortality 
at certain times of the year. The production methods used to mature and market oysters on the 
Clyde River include rack-tray culture (70.8%), stick culture (20%) and a small proportion of 
baskets (7%) and raft culture (1.4%). The 90 years old tarred-stick production still dominates in 
the Clyde despite the recent shift by some farmers to single seed cultivation.  
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Traditionally, tarred wooden sticks (Figure 3-8) were used to collect wild spat from 
February to April in the Paddock area, Clyde-3. Wild spat settlement in this river has never been 
achieved in large quantities. Most growers purchase spat collected in northern NSW estuaries or 
directly from hatcheries. After 6 months of the spat developing on the sticks, they are 
transferred to the depot area in Mogo Creek, Clyde-5, and left for approximately one year. This 
area provides shelter to the juvenile oysters and is free from overcatch as most of the oysters are 
young, with developing reproductive systems. Oysters are then transferred onto rafts or trays in 
the growing areas between Wood, Clyde-4, and Little Island, Clyde-8. Once the oysters reach 
marketable large sizes they are relocated to the harvest area at Moonlight, Clyde-2, close to the 
mouth of the estuary, where the oysters increase flesh condition.  
3.6.2 SRO production in the Shoalhaven system  
The Shoalhaven oyster industry has only 12 oyster growers, quite a small group for the 
number of oysters produced. The majority of the leases in the Shoalhaven R. are used for 
growing and finishing whilst leases in the Crookhaven are used for all stages of the oyster 
cultivation cycle. Tray cultivation is the only method used in the Shoalhaven leases producing 
62% of Plate oysters, 31% of Bistro and 7% of Bottle grade (NSW DPI, 2005). Tray cultivation 
is also commonly used in the Crookhaven accounting for 78% of total production. Tumblers 
account for 18% (Figure 3-9) and dredge cultivation amounts to 7% (NSW DPI, 2005). Stick 
production in the Shoalhaven system is significantly lower than in the Clyde R. because most of 
the growers in the Shoalhaven are currently dealing with or have recently shifted to a single 
seed cultivation, which does not require tarred sticks.  
 
Figure 3-9: Floating intertidal cylinders or tumblers in Curley Bay in the Crookhaven 
River, NSW, (location Shoal-2, map Figure xxx, Chapter 4) 
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Growers in the Shoalhaven system are able to gather oyster spat from the wild. Stacks of 
PVC slats are commonly used to catch the spat. The main spawning and settlement seasons are 
between February and June. The catching grounds are near the mouth of the river around 
Comerong Nature Reserve [Shoal-3] (Figure 4-2, Chapter 4). Oysters are kept on the slats for 5-
6 months until they have reached 10 to 20 mm in diameter. Spat are then flexed off slats, which 
are transferred to small mesh tumblers at a stocking density of 4L of spat/tumbler of dimensions 
1m long x 0.3m diameter (Volume 238L). Oysters in tumblers are thinned on average every 8 
weeks depending on environmental conditions and food availability. Oysters inside the tumblers 
move with the action of the tides as they have a float attached which aids in the complete 
revolution of the tumbler. Oysters spend 6 months in tumblers and are then transferred to 
‘intertidal envelopes’, intertidal trays or floating rafts (Allen’s brothers, pers. comm. 2005). At 
this stage, oyster management varies between growers, depending on the location of their leases. 
In order to avoid winter mortality, some farmers move the oysters upstream to high-rack leases 
at the end of Autumn, in order to reduce the submergence period and decrease the ambient 
salinity (Allen brothers, pers comm. 2005). Oysters go through the finishing and harvesting 
period in the recently-invented ‘Allen’s baskets’, which are traditional plastic baskets with a 
floating mechanism made of foam attached to the top so that the oysters remain evenly-spaced 
on the basket. 
 
Figure 3-10: Floating basket designed by the Allen brothers in the 
Crookhaven/Shoalhaven estuary, NSW 
 
The three oyster grades are still produced in approximately equal amounts and sold from 
the Crookhaven leases. No major shifts in the size of marketable oysters as has occurred over 
the past decade in contrast to most of the other NSW oyster producing estuaries. Oysters sold 
from the upstream leases in the Shoalhaven Shoal-5 (Figure 4-2, Chapter 4) are mainly large 
Plate grades, as these leases are used for growing out and harvesting. 
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3.7 Constraints of the SRO industry in the study areas 
Most of the risk factors in the two sampling sites have already been identified in section 
1.4. Farmers in both of the sampling sites have identified the following main risks: a) oyster 
disease outbreak, especially QX disease and winter mortality; b) difficulty in growing premium 
size oysters due to slow oyster growth rates; and c) water quality degradation as a result of 
pollution or anthropogenic impacts affecting the waterways.  
3.7.1 Research and strategies to address risks 
Research is being undertaken currently to improve understanding of QX disease, and on 
the selection of QX disease-resistant breeding lines for hatchery production. It is hoped that the 
implementation of Environmental Management Systems (EMS) in oyster growing areas and the 
preservation and control of catchment development, will minimise the risks from pollution of 
waterways. Finally, this research, in alliance with the NSW Oyster Industry Sustainable 
Aquaculture Strategy (OISAS), seeks to protect oyster growing areas by planning controls and 
better oyster management. This requires identification of limitation to oyster growth, ideal 
stocking densities and quantifying food sources to assist in identifying optimal growth rates and 
requires a better understanding of the spatial and temporal growth patterns of oysters throughout 
NSW estuaries   
Despite the decline in production that most of the NSW farmers have experienced during 
the last 3 decades (see chapter 1), a large percentage (62%) of the farmers from the southern 
estuaries plan to stay in the industry for the long-run as they believe that in the near future, the 
situation will improve (Chen, 2006). At present, 60% of the Eurobodalla oyster farmers on the 
NSW southern coast derive part of the income from outside the industry, as they are not making 
enough profit within oyster farming. However, 75% of these farmers have changed their 
business, mainly through raising capital required for growing single seed oysters (Chen, 2006) 
or new mechanisation. It seems that the combination of effort from the farmers, the 
implementation of the oyster industry sustainable aquaculture strategy and a better 
understanding of oyster performance in the growing areas, have the potential to secure the NSW 
SRO industry in the future. 
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Chapter 4: Estuary Sampling, Oyster Growth and 
Food Measurements 
 
This chapter includes all the methodology used in the various experiments, sampling and 
monitoring programs needed to address the objectives of this thesis. The methodologies and 
sampling strategies have been split in three main sections: environmental water quality; oyster 
growth and density; and stable isotope examination of the oyster diet. 
A list of abbreviations and definitions used in this section has been included in the 
glossary.  
4.1 Measurement sites 
The fieldwork undertaken was designed to gather information on the temporal and spatial 
variation of environmental parameters identified as influencing oyster growth (Chapter 5) and to 
measure the attendant variation of oyster growth rates at sampled sites (Chapter 6). Oyster 
growing areas in the studied estuaries were intensively sampled to determine the water quality, 
food concentrations and sources and water exchange rates in the oyster growing areas. 
Sampling sites were chosen on the Clyde and the Crookhaven/ Shoalhaven Rivers 
according to farming practices and logistics (Chapter 3). The Clyde R. was sampled intensively 
from July 2003 to February 2006 whilst the Crookhaven/Shoalhaven R was sampled at a lower 
spatial and temporal resolution and only from August 2004 to February 2006. The water quality 
sampling and oyster growth rate measurements carried out in the heavily modified Shoalhaven 
estuary were used for comparison with the results from the largely unmodified Clyde estuary.  
A summary of the sampling sites and type of data collected for each estuary is presented in 
Table 4-1. 
In the Clyde R, a total of 8 locations were monitored (Figure 4-1) but 6 of these were 
intensively sampled throughout this research (Clyde-4 and Clyde-7 were less frequently sampled 
as none of the oyster growth measurements took place in these locations). These 8 sampling 
locations spanned a distance of 11 km along the estuary from the oceanic site, Clyde-1, to the 
upstream site, Clyde-8. This covered a salinity range under normal, dry conditions of 37.5 to 
34.1 ppt. Clyde-8 is located near the upper limit for oyster cultivation. Clyde-3 is the ‘catching’ 
area, where farmers in the past laid-out tarred sticks to catch natural spat from the spawning of 
local oysters. Clyde-5 is a sheltered creek that farmers used as ‘depot or nursery’ area for 
juvenile oysters. Clyde-4, -6, -7 & -8 are locations used during the ‘grow-out’ process before 
translocating them to the Clyde-2 area, which is the ‘finishing-off or harvest’ area.. 
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In the Crookhaven/ Shoalhaven R., five locations were intensively monitored (Figure 4-2). 
Shoal-3 was monitored only when events or time permitted. The sampling locations for the 
Shoalhaven system shown in Table 4-1 covered an extended area in the two main waterways. 
The numbering of the sites in this estuary is more complicated than in the Clyde River as this 
system has two branches, however the location numbers were allocated in accordance to 
approximate distance from the mouth: Shoal-3 & -4 are in the Crookhaven R. area, Shoal-1 & –
2 are in the oceanic area and mouth for both estuaries and Shoal-5 & -6 are in the Shoalhaven R. 
area. The catching ground for natural spat is in Shoal-2, around the Comerong Nature Reserve. 
Depending on the location of the leases, some growers depot, grow-out and harvest around 
Shoal-3 & -4 and upstream in the Crookhaven River, whilst others depot in Shoal-3 & -4 but 
grow-out and harvest from Shoal-5 and surroundings. 
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Table 4-1: Sampling locations for oyster growth and water quality data in the Clyde R 
and the Crookhaven/ Shoalhaven R.  
 
Site 
No. 
Name  
 
Distance 
(Km) 
Oyster 
Data 
Water 
Quality 
Description 
Clyde-1 Starfish  -0.4 √ √ Oceanic conditions 
Clyde-2 Moonlight  2.1 √ √ Harvest/ oceanic 
influence 
Clyde-3 Paddock  2.4 √ √ Spat recruitment area 
Clyde-4 Woods  2.8  √ Near Snapper Pt 
(2.54km) 
Clyde-5 Mogo Ck  4.6 √ √ 4.6 km if inside the 
creek 
4.1 km at Mogo ck 
entrance 
Clyde-6 Mays 5.7 √ √ Mid-stream 
Clyde-7 Big Island 8  √ North side of island 
C
ly
de
 R
iv
er
 
Clyde-8 Little Island  11 √ √ Upstream site 
Shoal-1 Crookhaven 
mouth  
0.8  √ Oceanic site/ River 
mouth 
Shoal-2 Comerong 
Bay  
1.1  √ Catching ground 
Shoal-3 Greenwell Pt 2.6  √ Preliminary 
sampling. 
Abandoned sampling 
site later. 
Shoal-4 Curleys Bay  3.4 √ √ Depot nursery area 
Shoal-5 Berry Ck 4.7 √ √ Harvest area 
C
ro
ok
ha
ve
n/
 
Sh
oa
lh
av
en
 R
 
Shoal-6 Upstream  5.9  √ Upstream site 
 
 Berry Ck- 
upstream 
5.2  √ Infrequent sampling 
Source of nutrients 
Note: Distances upstream (km) were calculated based on topographic high-
resolution maps (1:25 000). Distances were calculated from the Princes Highway 
Bridge for the locations in the Clyde R, and from the Crookhaven Heads for the 
Crookhaven/ Shoalhaven R. 
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Figure 4-1: Locations of the sampling sites in the Clyde River 
Notes: ID of sampling sites: Starfish [Clyde-1]; Moonlight [Clyde-2]; Paddock 
[Clyde-3]; Woods [Clyde-4]; Mogo ck [Clyde-5]; Mays [Clyde-6]; Big Island 
[Clyde-7] & Little Island [Clyde-8]. Yellow dots show intensive sampling sites; red 
dots show less frequent sampling sites 
Source: Background map from Google Earth, 2006. Photographs by A. Rubio, 2004-06. 
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Figure 4-2: Locations of the sampling sites in the Crookhaven/ Shoalhaven R. 
Notes: ID of sampling sites: Ocean/ Crookhaven Heads [Shoal-1]; Comerang 
[Shoal-2]; Greenwell Pt [Shoal-3]; Curleys [Shoal-4]; Berry ck [Shoal-5] & 
Upstream Shoalhaven R. [Shoal-6].  
Red dots show intensive sampling sites; yellow dots show less frequent sampling 
sites. Berry’s creek upstream sampling was included in map as additional samples 
have been taken from here, especially after rain events 
Source: Background map from Google Earth 2006. Photographs by A. Rubio, 
2004-06 
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4.2 Spatial and temporal variability of estuarine water 
quality 
In order to understand the dynamics of the selected estuaries, a range of physico-chemical 
parameters was collected during the period July-2003 to February-2006 along the estuarine 
gradient where SRO are cultivated. At each water monitoring site, measurements were made at 
the water surface of total and organic suspended matter (TSM and POM), chlorophyll-a (Chl-a) 
and phaeopigments (Phaeo), dissolved nutrients, including dissolved inorganic nitrogen, NOx & 
NH4+, dissolved reactive phosphate (PO4- or FRP-P) and dissolved silicate (DSi), total and total-
dissolved nitrogen and phosphorus (TN and TDN and TP and TDP) and total organic and 
dissolved organic carbon (TOC and DOC). In addition, the in situ physical parameters, such as 
salinity (S), temperature (T), electrical conductivity (EC), pH, and dissolved oxygen (DO) 
together with the Secchi disk depth were recorded at most of the sampling sites also. 
Occasionally turbidity was measured also. Chl-a levels in the sediment under or close to oyster 
leases were sampled on a few occasions to estimate benthic primary production and diatoms 
biomass. 
Different organizations provided historical monitoring data for this project. Most data were 
infrequent and sampling methods differed. This information provided general background 
information on water quality for the last decade. A summary of the parameters and the 
organizations that provided information are listed in Table 4-2 and the rain gauges used are 
given in Table 4-3. 
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Table 4-2: Data and organizations that provided information for this project. 
Organization Period Parameters Description/ notes 
Clyde oyster growers 1994-2003 S & T As part of the Shellfish 
Quality Assurance 
Program (SQAP)1 
Eurobodalla Shire 
Council 
1992-2003 
Shoalhaven City Council 1992-2003 
S, T, pH, DO,  
Chl-a,  
various nutrients 
As part of the local 
council water 
monitoring2 
Manly Hydraulics 
Laboratory & Dep’t of 
Natural Resources 
2003-2005 Water height3 
Stream Flow 
Flow data do not 
represent all river 
systems as tributaries 
are ungauged4 
NSW Bureau of 
Meteorology 
1994-2006 Daily and monthly 
rainfall 
See Table 4-3 
1 (NSW Food Authority, 2001) 
2 (WMB Oceanics, 2005) 
3 The tidal information recorded at these locations uses the Australian Height 
Datum (AHD) as its reference point, hence all recorded water levels have been 
provided in meters AHD. 
4 Flow data for locations: (Clyde R.) Brooman- #216002; Currowan-#216005; 
Buckenbowra- #216009; (Shoalhaven R.) Bomaderry ck- #215016; Berry ck- 
#215015; Broughton Hill- #215015; Currambene ck- #216004. Water height data 
for locations: (Clyde R.) Jetty at the Princes Highway Bridge- #216410; 
(Shoalhaven R.) Nowra Bridge- #215201; Greenwell Pt- #215417 
 
 
Table 4-3: Location, elevation and data obtained from the rain gauges used in this study  
BOM site Station 
ID 
Latitude Longitude Elev. 
(m) 
Data 
type/ 
Period 
Batemans Bay 
(Catalina Country Club) 
69134 35º 43'24"S 150º 11'14"E 11 
Batemans Bay 
(Buckenbowra) 
69052 35º 44'03"S 150º 03'03"E 30 
Nelligen (Thule Road) 69023 35º 39'00"S 150º 08' 39"E 5 
Currowan (Wild Pig 
Road) 
69141 35º 34' 20"S 150º 10' 49E 35 
Brooman (Carisbrook) 69121 35º 26' 33"S 150º 17'05"E 120 
Daily data
2003-05 
Bomaderry (Berry 
Cr)1 
215016 35º 09'20'' S 150º 45'53'' E 10 Jul03-
Mar04 
Nowra RAN Air 
Station  
68072 34º 94'69'' S 150º 53'53'' E 109 
Moss Vale 68239 34º 52'53'' S 150º 42'17'' E 678.4 
Monthly 
Data 
2003-05 
Source: NSW Bureau of Meteorology. (1) NSW Dept of Natural Resources. 
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4.2.1 Monitoring objectives 
As a result of the inaccurate and inconsistent data from the water agencies, water-
monitoring programs were implemented in both estuaries in order to understand the physico-
chemical processes occurring in these estuaries. Water quality sampling was carried out for a 
longer period in the Clyde River than in the Shoalhaven River (see Figure 4-3). Preliminary 
sampling in the Clyde River started by measuring only a few parameters (chlorophyll-a, 
phaeopigments, temperature and salinity) but from August 2004 onwards, with augmented 
financial resources, a more extended range of parameters was collected and sampling at the 
Shoalhaven R. commenced also (see Figure 4-3). From July 2003 to August 2004, water was 
monitored every 2-3 weeks. After this, the sampling frequency was 4-5 weeks except if a rain 
event occurred. This sampling frequency matched the oyster experimental design schedule so 
that oyster growth performance could be related to water quality parameters. The extended 
range of water quality parameters was used to allow identification of the factors that exerted a 
major influence on oyster performance. These could be used to develop environmental indices 
for oyster culture management. 
 
Figure 4-3: Summary of the period covered by the water and oyster monitoring 
programs/experiments for the Clyde and Crookhaven/Shoalhaven Rivers 
 
Another objective in the water sampling strategy was to follow rain events in order to 
study their effects on the estuary systems. The aim was to compare ‘normal’ dry and stable 
conditions with ‘events’ after rainfall to measure the influence of rainfalls of different intensities 
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in varying seasons on nutrient inflow to the estuaries. During these events, samples were taken 
at a higher sampling frequency, 2-4 days soon after the event and 5-7 days during the following 
week, in order to capture nutrients and primary production changes as a consequence of the 
additional nutrient inflow.  
To supplement the periodic sampling of water quality data, multi-sensor-probes with 
internal loggers were occasionally deployed at selected sampling locations to obtain a 
continuous record of physical parameters. These probes were placed at different locations in the 
mid- and down- stream areas to ensure a higher resolution of the processes occurring in these 
regions. This data was mainly used in the development of hydrodynamic models for the 
sampled estuaries and in the monitoring of water quality, especially after rain events. 
4.2.2 Monitoring methodology 
Sample collection followed a strict protocol, described below: 
Sampling always started 2-hrs before slack low tide, based on tide tables for the Sydney 
region using the corresponding time lags for the sampled estuaries,  
Samples were collected along the estuarine gradient following the tide out (from upstream 
to downstream locations), 
Sampling was carried out quickly in order to keep up with the tidal flow so that water 
samples at each location were good representations of that location at that point in the tide 
cycle. 
On certain occasions, physical parameters were also monitored at the slack high tide, 
especially after a rain event when salt-wedges were occasionally present.  
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4.2.3 Monitoring equipment  
Three different multi-sensor probes were used to measure physical water parameters. They 
are listed in Table 4-4. 
Table 4-4: Monitoring equipment used in this study 
 
Equipment Brand and Model Number Parameter Measured 
YSI 556 with 4 sensors T, EC (S), DO & pH3; 
YSI 6920 (internal logger) with 6 sensors Water depth: T, EC (S), DO, pH & TURB 
YEOKAL 612 (internal logger) with 6 sensors Water depth: T, EC (S), DO, pH & TURB 
 
The YSI 556 was used for spot and profile measurements through the water column. The 
recording frequency was 3 sec and a total measurement time of 15 sec was employed at each 
meter depth, giving 5 replicate readings at each meter depth. The YSI 6920 and KEOKAL 612 
were mostly used for continuous data recording at a fixed location. This is Eularian data- 
recording and a frequency of one measurement every 15min was used for up to periods of three 
weeks during winter and one week during summer. The shorter recording time in summer was 
due to heavy fouling during the warm months. Probes were always calibrated before 
deployment or profile recording using standard solutions of known conductivity, pH & turbidity 
that were made up in the laboratory, before going into the field. Standard solutions were 
measured using the following instruments: Thermo Orion model 420 pH meter with calibration 
solutions of pH 4, 7, 10; Radiometer Copenhagen model CDM92 Conductivity meter using 
calibration standards of deionised water & 35ppt NaCL solution; HACH Model 2100A 
Turbidimeter with calibration standards of deionised water and water of 100 NTU. 
4.2.4 Chemical measurements 
All the water samples for chemical analysis were collected in clean one litre bottles, which 
were kept cool and in the dark throughout the boat-sampling trip, and until they were processed 
and filtered. Processing took place within 1 to 2 hours after collection. After processing, the 
samples were kept in refrigerators or freezers until transported back to the laboratories and then 
stored frozen.  
A Mettler AE163 analytical balance was used to determine filter weights to an accuracy of 
±0.001g. 
                                                     
3 T= Temperature; EC= Electrical Conductivity; S= Salinity; DO= Dissolved oxygen; TURB= 
Turbidity 
  
A. Rubio Chapter 4 Page 67 
4.2.4.1 Total Suspended Matter (TSM) and Particulate Organic Matter 
(POM)  
Total particle matter and organic content of seston was determined by vacuum filtering one 
litre of sample through a combusted and pre-weighed 47-mm diameter GF/F filter (0.7 µm pore, 
Sartorious filter). The filters were firstly dried at 80ºC for 24hr in order to obtain TSM values. 
After this, the filters were ashed at 450ºC for 4-5hr in order to burn the carbon material. This 
method allowed both TSM (mg/L) and Particulate Inorganic Matter (PIM, mg/L) to be 
measured. POM (mg/L) concentrations were calculated by subtracting PIM from TPM. The 
organic content of this matter was computed as the POM:TSM ratio, used as an indicator of 
oyster food quality. 
4.2.4.2 Chlorophyll-a (Chl-a) & Phaeopigments (Phaeo) 
Chlorophyll-a (Chl-a) levels were measured both in the field, using an Aquaflour handheld 
fluorometer (Turner Designs), and in the laboratory, using a bench Fluorometer Turner Designs 
model TD-700. Chl-a was determined by vacuum filtering (<100 mm Hg) a known volume of 
water onto 47-mm diameter GF/F filters (0.7 µm pore, Sartorious filters). Filters were folded in 
half, blotted dry and wrapped in aluminium foil and stored at -20°C until analysis within 3 
weeks of filtration. Chl-a was extracted using 10ml of 90% ethanol at 75ºC for 5-7min. Extracts 
were analysed using the spectrofluorometric method of (Holm-Hansen and Riemann, 1978). 
Chlorophyll calibrations were carried out using dilutions of a known concentration of a 
chlorophyll-a primary standard whose concentration had been determined 
spectrophotometrically at 665 and 750nm wavelength (Lorenzen, 1967) with a Cary 1E Varian 
UV-visible spectrophotometer. Standard dilutions and chl-a extracts were measured 
fluorometrically using the Fluorometer Turner Designs model TD-700.  Phaeopigments (Phaeo) 
were determined semiquantitatively by acidifying the sample indicating the portion of inactive 
algal biomass (Lorenzen, 1967). 
4.2.4.3 Nutrients 
Water samples were collected generally from the surface, and occasionally at depth, in 
sterile 10ml-vials for analysis of the oxidised nitrogen and ammonia (NOx and NH3), filterable 
reactive phosphorus (FRP-P), and dissolved silica (SiO2). Sterile 30ml-tubes were used for the 
samples of total and dissolved organic carbon (TOC and DOC) and 125ml-jars were used for 
sampling total and dissolved total nitrogen and phosphorus (TN/TP & TDN/TDP). All dissolved 
nutrients were filtered at the moment of collection through a sterile disposable 0.45 µm syringe 
filter and kept cool and in the dark after collection until stored at -20°C.  
All soluble nutrient and silica analyses were performed by Queensland Pathology and 
Scientific Services using an automated LACHAT 8000QC flow injection system using 
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methodology based on standard methods (see Appendix X) (a) ascorbic acid reduction of 
phosphomolybdate for FRP; (b) cadmium reduction of nitrate to nitrite by diazotizing the nitrite 
with sulfanilamide and coupling with N-(1-naphthyl) ethylenediamine dihydrochloride for NOx 
and (c) production of the indophenol blue colour complex for NH3. Silica samples were 
analysed also using the same Autoanalyzer but using an automated procedure where the silica 
species reacts with molybdate at 37ºC and pH 1.2 to form a yellow silicomolybdate complex. 
This complex is subsequently reduced with stannous chloride to form a heteropoly blue 
complex, which is measured spectrophotometrically at 820nm (Standard method detailed in 
Appendix 1).  The detection limit for these nutrients is 0.002 mg/L and the uncertainty is 0.001 
mg/L for soluble nutrients and 0.01 mg/L for silica (Appendix xx). 
Total and dissolved nitrogen (TN and TDN) and phosphorus (TP and TDP) were 
determined using acid-persulphate oxidation (Hosomi and Sudo, 1986; Lachat, 1994). Total and 
dissolved organic carbon (TOC and DOC) were determined using persulphate-UV oxidation 
according to APHA method number #5310C (APHA, 1992). These samples were analysed at 
the Murray-Darling Freshwater Research Centre, CSIRO, Albury.  
For data analysis, nutrient concentrations less than the detection limit were assigned a 
value equal to half the detection limit (Appendix xx). 
4.2.4.4 Statistical analysis 
Physico-chemical parameters were tested for statistically significant differences spatially 
and temporally. Variability in the water quality data was partly a consequence of the various 
environmental factors influencing these parameters, especially when data was collected after a 
rain event. Consequently, when statistical analysis is applied to test the variances, significant 
differences arise which would suggest that some of the data points might be outliers. The 
statistical tests applied to the water quality data therefore need to be treated carefully. To 
accommodate this, data was not only analysed statistically but also modelled in order to 
understand the ecological processes and to be able to predict estuary responses for various 
scenarios.  
Comparisons of the statistical analysis of water quality parameters between the two 
estuaries have to be treated carefully because of the more extensive data collection in the Clyde 
than in the Shoalhaven River. Physical and chemical parameters were tested for normality using 
Anderson-Darling’s Test and for homogeneity of variances using Bartlett’s and Levene’s Tests 
for normal and continuous distributions, respectively. If the distribution was skewed or 
variances were heterogenous, a transformation, generally a logarithm or square root, was 
applied and normality requirements were re-checked. Where data followed a normal 
distribution, they were analysed by using a two-way analysis of variance (ANOVA) with 
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sampling locations (6 or 8 depending on parameter) as the fixed factor and sampling time or 
seasons as the random factor. Multiple comparison tests, such as Tukey’s comparisons, were 
used to identify those locations and seasons where the variables were significantly different. 
Even where data were heterogeneous but followed a normal distribution, they were still 
analysed using an ANOVA test as this test is very robust in terms of divergence from 
homogeneity of variances (Underwood, 1997). Any significant results, however, were treated 
carefully because of the risk of encountering Type I error (Underwood, 1997). Where the data 
did not follow a normal distribution, a parametric analysis was performed using the Kruskal-
Wallis and Dunn’s Tests for the identification of significant differences between variables.  
Time series and trend analysis for these data were performed. Correlations and multiple 
regressions between these parameters were estimated also. A multivariate approach was used to 
assess how sites differed in their physico-chemical conditions. This encompassed all the 
measured parameters with Principal Component Analysis (PCA, normalised variables). 
Salinity data from the Clyde River was used as a tracer in a simple 1-Dimensional box 
hydrodynamic model. This model calculates diffusion coefficients across the boxes. This 
enables flows of various tracers through the estuary to be was investigated as a function of river 
flow and tidal mixing. 
 
4.3 Field measurements of oyster performance 
A series of experiments were set up to measure oyster performance in different cultivation 
areas within estuaries over a two-year period. Oysters of four size-classes were used and these 
were cultivated under different oyster stocking densities. 
On each sampling date, oysters were collected using a boat, washed and counted for 
survival before whole weight and shell measurements of individual oysters were made. The 
oysters were checked and cleaned of over-catch and epiphyte accumulation. Depending on the 
experiment, oysters were either taken to the laboratory or returned to the water to await further 
measurements. Oysters were kept out of the water for 2 to 4 days to eliminate any small fouling 
that might have been missed during cleaning. This is a typical management strategy used by 
farmers. 
4.3.1 Variability in oyster growth  
Spatial and temporal oyster growth patterns were assessed for individual oysters. These 
measurements will be referred as ‘growth experiment’ from this point forward. 
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4.3.1.1 Experimental design 
There is no published information on oyster development in terms of changes in total 
weight or shell and tissue mass in the Clyde or Shoalhaven Rivers so the spatial and temporal 
variability of oyster growth within estuaries was measured. The main aims of this experiment 
were to firstly describe oyster growth patterns; secondly to measure the variability of growth 
across different locations within an estuary; and thirdly to measure the variability of growth 
over different seasons and in relation to environmental conditions. 
Individual weight and morphology of oysters as well as mortality rates were measured 
monthly for the period July 2003 to July 2004. After these initial measurements it was 
recognised that the sampling frequency could be decreased without loss. For the following 
period, August 2004 to December 2005, measurements were made 3-monthly (see Figure 4-3). 
Oysters used in this experiment were obtained from a Clyde River oyster farmer. Two size-
class oysters were used. One of the size-classes included oysters grown locally on tarred sticks 
in the Clyde River. These oysters were detached from the sticks three months prior to the start 
of the experiment. This oyster class was set-up on an average total weight of 13g-oysters (13.1 ± 
0.4; mean ±SD; N=300). The second group of oysters were single-seed, brought into the Clyde 
River from the Northern NSW estuaries 6 months before the onset of the experiment. Only a 
third of oysters were chosen for this trial. Oysters for this group were selected based on shell 
length from a large size-class group (65±0.6mm, N=100 and a corresponding total 
weight=23.6±4g) as these ‘single-seed’ oysters had a more regular shape so that their shell 
length was less variable for an age-class. These oysters were single seed wild caught at Port 
Macquarie, on the north coast of NSW and transferred to the Clyde R. one year before the start 
of the experiment. Oyster growth was assessed during a total of 2.5 years for both types of 
oysters, stick and single seed, as currently both types of cultivation are being used in NSW 
estuaries. 
Six replicate experimental trays of group 1 stick oysters and two replicates of group 2 
single seed oysters, containing 10 oysters each, were set up at 5 different locations in the Clyde 
River. These locations were based on current farming practices- spat catching Clyde-3; depot 
Clyde-5; grow-out Clyde-6; harvest Clyde-2 and upper estuarine limit Clyde-8. The trays were 
constructed specifically for this project in order to secure individual identification of the oysters. 
These trays (180 x 91 x 4cm; l x w x d) were made with a frame of 4x4cm wooden sticks with 
2cm-mesh on the top and bottom (Figure 4-4). Each tray had 10 equal area and the trays were 
labelled in order to be able to identify each tray and each oyster within each tray.  
Growth was calculated based on measurements of the total weight, dry weight and shell 
dimensions (length, width and thickness) for each individual oyster. If oysters were found with 
the valves fully opened, they were rejected and classed as dead. In each growing location, the 
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individual trays were randomly assigned on the lease in order to minimise any effect of lease 
position on growth and to account for environmental variability within a lease area. 
 
Figure 4-4: Experimental trays used for one of the growth experiments. These trays 
allowed the monitoring of individual oysters all through the experiment 
4.3.1.2 Methods used 
Total weight and shell dimensions: 
Once oysters were washed, they were blotted dry and weighed using a KERN model 440-
33N digital balance (accuracy ±0.01g), which gave the whole oyster weight (TW). Shell 
dimensions of each oyster were measured to the nearest 0.01mm using a digital Vernier calliper. 
Shell length (SL) was measured from the anterior shell hinge or umbo to posterior edge at the 
furthest point of the oyster. Shell width (SW) was measured at the widest point of the flat or 
right valve. Shell thickness (ST) was measured at the thickest point between right and left valve 
(see Figure 4-5).  
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Figure 4-5: Oyster morphometric measurements used in this study and oyster organs. 
 
Condition Index (CI) and Dry Weight (DW) :  
The condition index used in this study was proposed by Crosby and Gale (Crosby and 
Gale, 1990): 
CI= dry flesh tissue (g) x 1000 / internal shell cavity capacity (g)   
 
Where the: 
The internal shell cavity capacity (g) was calculated = Total weight (g) – Shell weight (g) 
(Lawrence and Scott, 1982) 
CI was not measured in the individual growth experiments, as this required sacrificing the 
oysters. 
In order to estimate dry weight (DW), oysters were carefully opened from the hinge (trying 
to avoid breaking the shell), and flesh was scooped from the valves using a scalpel. Shells were 
washed in deionised water, dried and weighed. The oyster flesh was also washed in deionised 
water and dried at constant 80 ºC until no further weight reduction was detectable, taking from 
24 to 48hr. The dried flesh was cooled in a desiccator and weighed. DW of the oyster flesh was 
measured with a Mettler AE163 analytical balance weighing to 0.001g.  
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Allometric relationships: 
Allometric relationships for shell dimensions as oyster size increased were calculated 
from: 
γ  = a X b        [4-1] 
where γ is a growth variable, such as shell length, X is another oyster variable, such as 
weight, and a and b are coefficients. By logarithmically transforming equation 4-1 the 
coefficients can be easily estimated by linear regression analysis, with a being the intercept and 
b the slope of the log-transformed data. 
Growth increments and average relative growth rates (ARG) 
Growth performance was calculated in two ways depending on the initial size of the oyster. 
Where the oyster growth was based on an initial sample of oysters of similar total weight or 
shell length, weight/length increments were calculated as the difference between the final value 
and the initial value divided by the period of the study at each sampling location and each size 
class of oysters.  
( )
t
XXincrementgrowth tt Δ
−= +1    [4-2] 
Another commonly used method of measuring instantaneous growth rates for different size 
oysters is using the instantaneous growth rate (Underwood et al., 2002; Dove, 2003). The 
average relative of growth, ARG (day-1) for the any month is defined as: 
t
XXLnARGrategrowth tt Δ= +
)()( 1    [ 4-3] 
where X t+1 and X t are the weights or shell dimensions at the final and initial stages, 
respectively, and  Δ t is the period of time between the final and initial measurement. 
ARG was expressed as the rate that oysters grow, in terms of total weight, TW, per day. 
Here, average relative growth rate (ARG) was used mainly for comparison with environmental 
variables (Chapter 6).  
Von Bertalanffy growth model 
Weight and shell length data for the four oyster size-classes was fitted to the von 
Bertalanffy growth equation also (von Bertalanffy, 1938): 
 ( )[ ] )exp1( 0ttLlt −−−= ∞ κ     [4-4] 
 ( )[ ] 30 )exp1( ttWwt −−−= ∞ κ     [4-5] 
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where tt wl ,  is the length and weight, respectively, at age t; ∞∞ WL ,  is the theoretical 
maximum size being weight and length respectively, attained under specific environmental 
conditions, and κ  is a growth constant reflecting the rate at which maximum size ∞∞ WL ,  is 
reached. The 0t  is the time at length or weight = 0. 
κ,, ∞∞ WL  were estimated using the Ford-Walford plot (Walford, 1946) where length 
and weight at age t is plotted against length or weight at t + 1. The ∞∞ WL ,  is calculated as: 
γ / (1 – slope)       [4-6] 
where γ is the intercept of the best-fit curve and the growth constant, κ , was calculated as 
minus the natural logarithm of the slope (Gulland, 1969). 
Mortality:  
Dead oysters with open shells were counted in addition to live oysters at each sampling 
date. Mortality rates were calculated based on the number of dead oysters at each sampling date 
normalized by the number of days between sampling dates and calculated for 30 days so that 
mortality rate is expressed as % mortality per month. To satisfy the assumption of normality and 
homogeneity of variance, mortality data was transformed (arcsine X 0.5) prior to the ANOVA 
analysis. 
Survival rate (%) = 100 – mortality rate (%)   [4-7] 
%
oysters No. initial
deaths) (No.
 mortality Cumulative
Tt
0t
t
T 100×=
∑=
=
 [ 4-8] 
 
Oyster biomass Performance Index (PI) 
Performance Index (PI) for a given period of time was calculated as the ratio of the total 
final biomass to the initial biomass. This index takes into account both the average initial and 
final weight of the oysters and the mortality over that time (Fleury et al., 2001). This index is a 
gross measure of production, and so it hides the contributing effects of growth and mortality. It 
does, however, represent a good management tool as it is easily calculated and interpreted. 
4.3.1.3 Statistical analysis 
Homogeneity of variance of data was checked using Cochran’s test. The total oyster 
weight and morphometric data were analysed on an individual oyster basis by a two factor (site 
and batch) ANOVA followed by a Student Newman-Keuls (SNK) post-hoc test (Underwood, 
1997) using Minitab software. Data for some of the parameters were log 10 (X) transformed 
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because standard deviations increased with increasing tray means. Weight increments or growth 
rates and condition indices were compared between sites and/or size-classes by using the 
Kruskal-Wallis test and a two-way analysis of variance (ANOVA), respectively, depending on 
normality restrictions. Mixed Model ANOVAs were used with size-class as the fixed factor and 
site as the random factor. Post hoc comparisons of means were conducted using Tukey’s test. 
Mortality data was arcsin X 0.5 transformed before ANOVA (per batch). The relationships 
between the weight and other morphometric parameters at the start and end of the experiment or 
per season were tested with an analysis of covariance. Where significant differences were 
detected, mean values were compared using the SNK test. 
4.3.2 Dependence of oyster growth and condition on size-class 
In this experiment the variation in oyster growth due to oyster size is calculated. This 
experiment will be referred to as the ‘size-experiment’ in the following chapters. 
4.3.2.1 Experimental design 
This experiment was designed to assess the variability of growth, condition index and 
mortality between different size-classes of oysters as an approximate indication of the behaviour 
of the different year-classes used in two farming practices: trays (in the Clyde River) and 
floating cylinders (in the Shoalhaven River). It also allowed for assessment of the variability in 
growth between the two studied estuaries and comparison with concurrent water quality, 
measurements (section 4.2.2). This experiment was designed to test the hypothesis that oyster 
growth rates vary according to size or age and are dependent on environmental parameters. 
Condition Index (CI) was also measured in this experiment as an indicator of oyster health 
and marketable quality oyster flesh. CI is a very sensitive indicator of environmental stress 
(Mason and Nell, 1995; Rheault and Rice, 1996). The aim of these measurements was to assess 
whether CI varied between size-class oysters and whether it was affected by water quality or 
food quantity and quality in the estuaries.  
Four size-classes of Sydney rock oysters (based on total weight, TW) were chosen in order 
to represent the four-year cultivation cycle of the SRO in southern NSW estuaries. Running the 
four oyster classes simultaneously, allowed elimination of any environmental or physical 
variability that may arise in sampling over 4 years. Each size-class at the onset of the 
experiment consisted of 400 oysters and were cultivated in trig-trays similar to those local 
farmers use. This large sample size was used to ensure statistically representative results even if 
mortality rates were high. The different oyster size-classes were selected based on the results 
from the first year of the ‘growth experiment’ (section 4.3.1). The different size-classes at the 
onset of the experiment are listed in the below table. 
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Table 4-5: Initial weights for the oyster size-class experiment at the Clyde and 
Shoalhaven Rivers 
 Clyde R. Shoalhaven R. 
Size-
class 
Wt0 (g) Oyster 
type 
Origin Wt0 (g) Oyster 
type 
Origin 
1st 2.6±0.34 single seed Hatchery 3.3±0.29 single seed Hatchery 
2nd 
 
13.1±1.7 single seed North coast 16.5±0.5 single seed Natural caught 
3rd 
 
26.5±0.9 stick Natural catch 27.2±0.1 single seed Natural caught 
4th 
 
34.2±0.8 single seed North coast 38±2.5 single seed Natural caught 
Notes: Weights shown in the table are average ± SD for N=400 oysters. The small 
size-class oysters came from a control group settled in hatchery conditions but they 
were not part of a breeding program 
Single seed oysters were used in this experiment for all the size-classes except for the 3rd 
class of oysters in the Clyde River as no 26-27g single seed oysters were available in the Clyde 
R. The oysters used at the Shoalhaven were in-situ wild catch on plastic slats except for the 1st 
size-class oyster. The oysters used for the 1st size-classes in both estuaries were selected from 
the control group or the hatchery-produced Sydney rock oyster breeding program run by the 
NSW DPI Fisheries, which were growing in both estuaries. The 2nd and 4th set of single oysters 
selected in the Clyde River were sourced from two estuaries on the north coast of NSW and 
were translocated to the Clyde four and six months before the start of this experiment. Growth 
data was analysed from November/December onwards, after an acclimatising period of 
1.5months. 
In order to derive realistic Ford-Walford plots, weight and length measurements of spat 
oysters were required so that the model could produce realistic values for the asymptotic 
variable (i.e. weight or length). Oyster spat measurements were taken from size-class 1 SRO 
before the start of this experiment as part of an additional monitoring program ran by DPI 
Fisheries in the Clyde River. In this program, SRO spat were cultivated in an upwelling system 
located near the sampling site of Clyde-3. Spat directly from the hatchery were placed in 
upwellers and they grew in this system until they reached the minimum size to cultivate them in 
trays or cylinders. Spat growth data were only available for the Clyde R. oysters but were 
applied to the Shoalhaven R. as well as both spat performed similarly in both estuaries (M. 
Dove, DPI Fisheries, pers. Comm.). Spat measurements during the first 271 days of life are 
presented in Table 4-6. 
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Table 4-6: Spat Sydney Rock Oyster measurements from the upwelling system in the 
Clyde R (values are average of 10 oysters) 
Days Wet weight (g) Length (mm) 
0 0.1 0.4 
7  1.99 
15  2.67 
18  2.68 
78 0.5  
169 1.7  
220 2.8          32.67 
271         3.4 36.56 
 
To eliminate any geographical variability, the different size classes were set up in two 
selected areas of each of the two sampling estuaries. On the Clyde River the Moonlight area 
Clyde-2 (see Figure 4-1) was chosen because it is close to the mouth of the estuary and is 
partially exposed to oceanic waters. This location is one of the most important farming grounds 
in the Clyde estuary as it is the harvest and finishing-off area. On the Shoalhaven River, the 
Berry’s Creek area Shoal-5 (see Figure 4-2) was selected. This area is approximately 5-6km 
upstream of Crookhaven Heads, has low salinity water and is mainly influenced by upstream 
and local creek input of nutrients. This location is used only by a small proportion of the 
Shoalhaven/ Crookhaven River farmers and is largely unaffected by outbreaks of winter 
mortality disease (Collison, pers. comm. 2004). 
This study was planned to run for at least 1 year, so that oyster performance could be 
measured over all seasons. Oyster mortality levels were determined every six weeks and a sub-
sample of 20 randomly selected oysters was measured for growth performance (total weight and 
shell dimensions) for each size-class. In addition, every 3 months a sub-sample of 20 oysters 
from each size class was assessed for condition index in the laboratory. When removing oysters 
for CI, additional marked oysters were included on the trays in order to maintain oyster density. 
The dates when oysters were selected and measured for CI measurements are shown in  Table 
4-7: Sampling dates for the ‘size-class’ and ‘density’ experiments at both estuaries.. Seasons in 
this experiment were not replicated as the experiment only ran for 14 months and most of the 
data analysis has been performed for one year, from December 2004-05. 
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Table 4-7: Sampling dates for the ‘size-class’ and ‘density’ experiments at both estuaries. 
 
Notes: (a) 2nd and 4th size-class for the Clyde R. were not set up on this date. 
Tray density experiment in the Clyde R. ran from June-2005 until December-2005. 
Cylinder density experiment in the Crookhaven/Shoalhaven R were run in two 
batches: 1st run from June-2005 to October-2005; and 2nd run from October 2005 
to March-2006. 
4.3.2.2 Methodology used 
Oysters were weighed, measured, dried for condition index and checked for mortality as in 
previous experiments (section 4.3.1) 
4.3.3 Density and growth experiments 
Information on the effect of high stocking densities on SRO oyster growth is available 
(Holliday et al., 1991; Holliday, 1995; Honkoop and Bayne, 2002). Those measurements 
concentrated on the current, typical stocking density used in the NSW oyster industry. In this 
thesis the maximum levels of stocking density used were based on the current NSW industry 
stocking densities as well as lower densities. The density experiments were run at three 
densities, two of which were currently lower than those typically used in NSW estuaries. In the 
above peer review studies, the effect of oyster density on oyster growth/condition took place at 
higher densities, ensuring an impact on oyster performance. 
Experimental design 
This experiment was designed to test the hypothesis that individual oyster growth and 
condition decreases at higher stocking densities. Both oyster weight increments and condition 
index were measured at three different stocking density levels under two farming practices; 
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intertidal trig-plastic sectionalised trays in the Clyde River and floating cylinders in the 
Shoalhaven River (Figure 4-6). The trays used in this experiment were plastic Tooltech Pty Ltd 
oyster trays with a volume of 65.5 L (180x 91 x 4cm; w x l x d). Each tray contains 8 trig-tray 
sections. The cylinders used had a diagonal mesh size of 5mm and a volume of 70.7 L (100 x 
15cm; l x r). The farming grounds chosen for this experiment were the harvest area in the Clyde 
River, Clyde-2, and, the depot area in the Shoalhaven River, Shoal-2. These farming grounds 
were active cultivations areas and the techniques used were typical of those used by oyster 
growers in these areas. 
As oysters grow they increase in volume, increasing the biomass in the culture unit (trays 
or cylinders) used. To counteract the possible effect of overcrowding on growth, the culture 
units were kept ‘under-stocked’. For both experiments, 1st year-class oysters (spat) were chosen 
as this provided a longer period of growth before having to thin the oyster numbers. The spat 
used in the Clyde River came originally from the northern rivers in NSW. Oysters were on 
average 4.5g, with a shell length of 38mm. In the Shoalhaven River, the spat were caught 
locally using plastic slats. Oysters at the onset of the experiment were 1.8g (TW) and 32mm 
(SL). 
 
Figure 4-6: Density levels used in floating cylinders deployed in the Shoalhaven River 
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The stocking density levels used in this experiment were based on area coverage for the 
tray experiment and on volume for the cylinder experiment. Table 4-8 summarises the different 
stocking levels for both experiments: 
Table 4-8: Density levels as trig-tray section coverage (%) and total volume (L) for the 
tray and cylinder experiment 
 Tray experiment Cylinder experiment 
 Area % 
Coverage 
Bulk 
weight 
(kg)/ 
No. 
oysters 
Volume 
(L) 
Bulk 
weight 
(kg)/ 
No. 
oysters 
HIGH 75 0.6 133 4 2 1090 
MEDIUM 50 0.4 89 2 1 560 
LOW 25 0.2 44  1 0.5 266 
 
These densities were equivalent to 222, 444 and 667 individuals m-2 for the low, medium 
and high density, respectively, in the trays and 14, 18, 57 litres of individuals m-3 for the low, 
medium and high density, respectively, in the cylinders. The high-density level in cylinders and 
the medium-density in trays were chosen to represent the stocking densities for oysters of these 
sizes used by local oyster farmers. Each density level had four replicates for the tray experiment 
and three replicates for the cylinder experiment. Experiments were terminated when oysters 
from the high-density treatment began to grow through the lid in the trays and when the volume 
and weight of oysters prevented the cylinders from turning. The cylinder experiment was 
repeated as oysters grew more quickly than expected, filling the floating cylinders after 3 
months. The second experiment was run with oysters from each of the density grades used in 
the first experiment.  
Dead oysters were counted and total weight and volume recorded for each treatment. 
Studies have shown close relationships between total weight and shell size for SRO, especially 
for single seed oysters (Nell et al., 2000). Therefore, oyster performance was assessed based on 
the total weight and condition index. A random selection of 20 oysters from each density level 
was chosen for individual weight, shell and C.I measurements. In order to maintain densities, all 
individuals removed were replaced with additional marked oysters that were growing under the 
same density levels in the same locations. Trays and cylinders were placed in a single row in the 
lease area and the positions were alternated every measuring period (~1.5 months) to avoid any 
advantage one might gain from more beneficial environmental conditions over the length of the 
rack.  
4.3.3.1  Methodology used 
Individual oyster weight, shell dimensions and condition index were measured as 
described in previous sections. 
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Gross weight and volume 
Gross weight for a given replicate in each of the density classes is defined as the total 
weight of all live oysters in that replicate and measured using industrial scales accurate to ±2g. 
The gross volume for each replicate was estimated by measuring the volume displaced by the 
oysters when placed in a 5-litre beaker. In addition, a sub-sample of 30 oysters from each 
replicate was selected for individual oyster measurements.  
4.4 Use of stable isotopes to examine the diet of the 
Sydney rock oyster  
Stable isotope signatures were used to identify potential food sources and particularly 
which components of the particulate organic matter provide nutrition to the SRO in the Clyde 
River.  
4.4.1 Experimental design 
The C and N content, and the isotopic composition (δ13C & δ15N) of various organs of 
SRO (see Figure 4-5) were used in an attempt to identify the different components of the diet of 
SRO. Primary nutrient sources, including organic matter suspended in the water column and 
benthic material, as well as shore plants were measured so that compositional and isotopic ratios 
of potential food supplies could be estimated. Ratios of carbon/nitrogen (C:N) were used to 
characterize the nutritional quality of potential food sources. In addition, C:N stoichiometry was 
used to assess SRO food preferences based on the C:N levels of the food available and of the 
pseudofaeces.  
These measurements were only undertaken in the Clyde River. Oysters used in this 
experiment were acclimatised at the sampling site for two years before measurements began and 
were taken from the growth experiment (see section 4.3.1). Sampling locations at the Clyde 
River were Clyde-2 & -5 & -8 in order to capture an estuary gradient from marine to riverine 
influences. For each sampling season, two sampling trips were undertaken, in which three 
replicates of each sampled material for each sampled location were taken. Material taken 
included: oyster flesh from the gills; gonads and muscle; biodeposits; suspended matter; 
sediment matter underneath the oyster leases; macroalgae; seagrasses and their epiphytes; and 
mangrove detritus matter. 
Spatial and temporal variations in the SRO diet were assessed by firstly comparing the 
carbon and nitrogen isotopic signature of oyster organs with that of the different sources of 
organic matter at different locations in the estuary; and secondly by comparing the above 
signatures during winter-spring (August-October 2005) and summer (December 2005- January 
2006). A month before the first isotopic sampling, a large rain event took place (July 2005, 
discharge 50,000ML/day) so that the post-rain effect on oyster tissue was explored also. 
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4.4.2 Methodology  
All samples were prepared (see below) ground using a mortar and a pestle and kept in 
sealed vials until a small amount of material was transferred into tin capsules for isotope 
analysis. The sample weight for each measurement is shown in Appendix X. Samples were 
analysed at the Analytical Services in Plant Industry, CSIRO Canberra using a Europa 20-20 
(electronics rebuilt by Sercon in 2004) isotope ratio mass spectrometer with an ANCA 
preparation system. This comprised of a combustion tube operated at 1000ºC and a reduction 
tube at 600ºC. The mass spectrometer measured not only the total nitrogen and carbon in a 
sample but also their N15 or C13 levels. 
In each batch of samples after every 8th sample there was a test and a reference standard, 
which was used to correct for any drift or carry-over in the instrument. The references were 
calibrated for total C% and N%. The δ15N was calibrated versus atmospheric N2 and δ13C versus 
Pee Dee Belemnite (PDB) where δ=[(Rsample/Rreference)-1] x 103, with R= 13C/12C for carbon and 
R= 13N/12N for nitrogen. Precision in this analysis was ±0.1‰ for carbon and ±0.2‰ for 
nitrogen.  
The specific handling of the samples use in this technique is described below. In all the 
cases samples were acidified using fuming acid in order to remove inorganic carbonates that 
might interfere with the measurements.  
Oyster flesh: 
Oysters were washed and cleaned of epibionts. Wet weight and shell dimensions were 
recorded. Flesh was rinsed with distilled water to remove any carbonate debris from the shell. 
Oysters were dissected and small amounts of adductor muscle (‘musc’), ctenidia or gill (‘gill’) 
and gonad (‘gon’) using the posterior end avoiding contamination from the digestive system, 
were kept separately to avoid contamination between tissues. Left-over flesh was used to assess 
the condition index of the oyster. The three different organ samples were kept frozen until 
samples were freeze-dried, cut up and then homogenised into a fine powder using scissors and 
mortar and pestle. Between 1.5-2 mg of ground tissue was used in the samples.  
Biodeposits:  
A plastic funnel attached to a bottle for holding the oysters used for isotope analysis was 
anchored underneath the experimental trays in the field. Oysters were placed in the funnel for 24 
h as this is the period required for the digestion and defecation of particles for oysters 
Crassostrea virginica (Newell and Langdon, 1996). As the faeces and pseudofaeces were 
difficult to physically separate they were treated as a single component. Biodeposits were 
isolated by filtering the water and material collected in the bottle through 0.2µm PVDF filters 
and dried at 80ºC. Approximately 15mg of material were used for isotope determination. 
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Suspended organic matter (POM): 
All the suspended particles in seston are referred as organic particle matter (POM) even if 
they contain an inorganic component. However, because the samples were acidified and 
therefore, inorganic carbonates removed, the carbon isotopic signature and content of these 
samples represented only the organic material fraction. Suspended matter was sampled by 
dragging, a phytoplankton net (10µm mesh size) for 2 minutes around the locations where the 
oysters were collected for isotope analysis. This sampling was repeated until sufficient material 
was collected. Samples were passed through a 250µm mesh in order to remove zooplankton and 
large vascular plant debris, which, were not common. Samples were filtered through combusted 
glass-fibre filters (47-mm diameter, 0.45µm pore size), which were dried at 70-80ºC for 24hr. 
Material was scrapped off the filter as the filter material adds bulk to the sample, constraining it 
and shortening the life of the sample combustion system in the elemental analyser/mass 
spectrometer. Between 15-30 mg of material was used for this analysis. 
During preliminary sampling, suspended matter was filtered through different filter pore 
sizes in order to get a greater variety of size-groups from the suspended matter samples. This 
procedure was not pursued because of the difficulty in gathering enough material for the 
analysis and because of handling problems and the risk of cross-contaminating the size-group 
samples. It has also been found that phytoplankton of different size-groups showed very little 
variation in the carbon isotopic signature (-21.0±0.3‰, (Rodelli et al., 1984)). 
Sediment organic matter (SOM) and benthic diatom extraction: 
Sediment samples were collected from the sediment close to or underneath the sampling 
oyster leases using a PVC coring tube (4cm diameter). The superficial 1cm layer of the 
sediment was sampled, dried at 70-80ºC and homogenized using a mortar and pestle. From 
replicate samples, benthic microalgae, especially diatoms, were isolated from the surface 1 cm 
of sediment based on density fractionation using colloidal silica (Ludox AM-30, density 1.210 
g/cm3). Sediment material was washed through two mesh sizes (63µm and 5µm). Methodology 
used followed protocols by Melville and Connolly (2003) and Hamilton et al., (Hamilton et al., 
2005) for isolating microphytobenthos from the sediment. 
Seagrasses (sgr), epiphytes (epi), macroalgae (alg) and mangroves (mang):  
Samples were collected from locations near where oysters had been sampled. The fronds 
of the seagrasses and the pneumatophores of the mangroves were used. All samples were 
cleaned of epiphytes by scraping with a clean blade and were rinsed with distilled water. The 
epiphytes collected from the seagrasses were kept and analysed separately. Samples were cut 
into small pieces and were freeze-dried. 
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Chapter 5: Physical, Chemical and Estuarine 
Water Quality Results 
 
In order to estimate oyster performance in an estuary there is a need, firstly, to understand 
the biological and physical processes characterising the estuarine system and, secondly, to 
identify the limiting factors affecting oyster performance. The spatial distribution and temporal 
variation of the physico-chemical and water quality parameters gathered in this study are 
presented in this chapter. This includes physico-chemical parameters such as temperature; 
salinity; pH; dissolved oxygen and most forms of nutrients present in the water column.  
Phytoplankton has been commonly viewed as the main source of energy for many 
bivalves, particular in mariculture of oysters (Whyte, 1987), due to strong correlations found 
between oyster growth and phytoplankton biomass (Brown and Hartwick, 1988b) and, oyster 
grazing and ecosystem processes such as regulating phytoplankton biomass and production 
(Alpine and Cloern, 1992; Prins et al., 1998; Smaal et al., 2001). However, other components of 
the organic matter that constitutes seston have been suggested as potential food sources for 
oysters. It has been proposed that oysters can take up organic matter in the form of labile 
detritus like seagrasses and their epiphytes, debris from mangroves and terrestrial plants, 
microphytobenthos and bacterioplankton (Cloern, 1982; Wright et al., 1982; van der Eden, 
1994; Hawkins et al., 1998; Newell et al., 2002; Yokoyama and Ishihi, 2003; Kasai et al., 2004; 
Kasai and Nakata, 2005).  
The quantity and composition of seston vary accordingly to environmental factors. These 
changes have direct effects on oyster responses. Changes in the amount and nature of the seston 
for the studied estuaries are presented in this chapter. The key physico-chemical and water 
quality variables in the sampling estuaries are also compared and discussed here. Various 
estimates of seston quality have been assessed under a range of wet and dry environmental 
conditions. Results for seston quantity and quality are analysed with oyster growth data in 
Chapter 6 and Chapter 8. 
Data collection in the Clyde River was more intensive than in the Crookhaven/Shoalhaven 
R (section 4.1, Chapter 4) due to time and logistic constraints. Variables were tested for 
statistically significant spatial and temporal differences as described in Chapter 4, section 
4.2.4.4. Variability in the water quality data was partly a consequence of the various 
environmental factors influencing these parameters, especially when data was collected after a 
rain event. Trend analysis, time series and cross-correlation analysis were performed for most of 
the data gathered during the sampling period of this project. Correlation between two variables 
was also tested by creating correlation matrices and calculating Pearson’s coefficient.  
  
A. Rubio Chapter 5 Page 86 
 
5.1 Physico-chemical data results for the estuaries 
5.1.1 Salinity 
None of the physico-chemical variables differed significantly between sampling locations 
except for salinity, as expected (see Table 5-4 and Figure 5-1). In both estuaries, the two 
furthest upstream locations had significantly lower salinity than the furthest downstream sites. 
In the Clyde River Clyde-8 and –7 showed significantly lower mean values of salinity of 22.4 
and 24 ppt (ANOVA, F= 4.96, P<0.001) than the downstream sites, oceanic-influenced sites, 
Clyde-1 and -2 with means of 31.0 and 30.5 ppt, respectively. Under dry conditions, which were 
the norm during this study, the salinity difference was 7-8 ppt along the 11km stretch containing 
the sampling sites in the Clyde River. In the Shoalhaven the difference over the 6km 
measurement stretch was 5-6 ppt. However, this difference could sometimes exceeded 14-15‰ 
after large rain events in both estuaries. The largest salinity difference measured was 25‰ in the 
Clyde River during the July 2005 rainfall event when 170-mm rain fell, producing a river 
discharge of about 50,000 ML/day. Figure 5-2 shows a typical salinity profile for low and high 
tide for the Clyde River under dry conditions. Under these conditions, salinity is generally well-
mixed vertically, in contrast to the highly stratified situations resulting from large rain events 
(discussed in the following section). 
5.1.2 Temperature 
As expected, temperature data showed highly significant differences between all seasons in 
both estuaries. In the Clyde River temperature varied across seasons (ANOVA, F= 281.87, P < 
0.001, Table 5-1) except between autumn and spring (mean: 20.07 and 19.16ºC, respectively). 
Similarly, in the Shoalhaven, temperature varied seasonally (Kruskal-Wallis, H= 51.38, P < 
0.001) except between summer and autumn (Figure 5-1). During the two years of sampling at  
all the sampling locations, temperature varied from a minimum of 11.7ºC to a maximum of 
26.8ºC in the Clyde River and from 13.8ºC to 24.7ºC in the Shoalhaven River, reflecting the 
differences in oceanic mixing. On average, maximum summer temperatures in the Clyde R. for 
2004 and 2006 were 1.5ºC higher than in 2005 and winter temperatures for 2004 were 1ºC 
colder than in winter 2005.  
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Figure 5-1: Interquartile boxplots of seasonal temperature and spatial salinity levels in 
the Shoalhaven River 
 
5.1.3 pH 
Clyde pH values ranged typically from 6.71, at the upstream locations, to 8.9 at locations 
close to the estuary mouth. Values of pH varied significantly between opposing seasons, autumn 
and spring (Tukey Test, T=3.25; P=0.007), and winter and summer (Tukey Test, T=7.27, 
P<0.001) but not between adjacent seasons. Decreases in pH followed decreases in salinity due 
to rainfall in the period between July 2004-2005.  
5.1.4 Dissolved oxygen 
The ANOVA indicated no significant differences between locations for dissolved oxygen 
data in the Clyde River, but showed significant seasonal differences (F=8.87, P<0.001, Table 
5-1). Average dissolved oxygen saturations varied from 90%sat in autumn to 115% in winter, 
with values for summer of 91 %sat and for spring of 105%. 
None of the interactions between location and season showed any significant difference for 
any of the physico-chemical variables (Table 5-1).  
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Table 5-1: Two-way ANOVA (Location (Loc, fixed factor) and Season (S, random 
factor)) and Kruskal-Wallis for the physico-chemical parameters collected in 
the Clyde and Shoalhaven Rivers, respectively, over the period July-2004 to 
January-2006. Mean squares (MS), degrees of freedom (df), F-values (F) and 
probability shown for the two-way ANOVA output. 
Source Temperature (ºC) Salinity (‰) pH values DO (%sat) 
 df MS F MS F df MS F MS F 
Clyde R           
Location  7 1.55 0.42 ns 223.67 4.96*** 7 0.28 1.89ns 1020.4 0.07ns 
Season (S) 3 1048.7 281.8*** 26.62 0.59 ns 3 4.13 27.9*** 4818.3 8.87*** 
Loc x S 21 3.36 0.9 ns 6.0 0.13 ns 21 0.03 0.2 ns 217.1 0.40ns 
Residual 184 3,72  45.11  168 0.15  543.2  
Total 215     199     
           
 df H P df H P     
Shoalhaven R          
Location  5 3.93 0.56 5 25.64 <0.001     
Season (S) 3 51.4 <0.001 3 4.67 0.197     
           
Note: Data interpretation should be treated carefully as results for ‘Season’ did not 
meet Levene’s Test for homogeneity of variances.  Tukey’s post-comparisons 
between locations and seasons are shown in Table 5-5 and Table 5-6 
*P<0.05; **P<0.01; ***P<0.001; nsP>0.05 (not significant) 
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Figure 5-2: High and low tide longitudinal salinity (in ppt) distribution in the Clyde R. 
estuary (sampling date: 26/2/05) and at low tide in the Shoalhaven (sampling 
date 3/8/05) under dry normal conditions  
Notes: Low tide salinity gradient only covered the first 11km & 6km in the Clyde R. 
and Shoalhaven R., respectively, which corresponds to the oyster growing section. 
0km corresponds to the mouth of the estuaries. Black ‘x’ represents observation 
points 
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5.1.5 Rainfall and river flow data 
In the Shoalhaven catchment rainfall is recorded at only three rain gauges in the lower 
estuary. Discharge is gauged at two of the lower estuarine creeks: Bomaderry and Berry creeks 
(see Table 4.3, Chapter 4). Unfortunately, there is no gauge on the main stream. Water flow 
from the gauged tributaries showed a similar pattern of increasing discharge during each rain 
event (Figure 5-3).  
0
0.5
1
1.5
2
2.5
Ja
n/
03
Fe
b/
03
M
ar
/0
3
Ap
r/0
3
M
ay
/0
3
Ju
n/
03
Ju
l/0
3
Au
g/
03
Se
p/
03
O
ct
/0
3
N
ov
/0
3
D
ec
/0
3
Ja
n/
04
Fe
b/
04
M
ar
/0
4
Ap
r/0
4
M
ay
/0
4
Ju
n/
04
Ju
l/0
4
Au
g/
04
Se
p/
04
O
ct
/0
4
N
ov
/0
4
D
ec
/0
4
Ja
n/
05
Fe
b/
05
M
ar
/0
5
Ap
r/0
5
M
ay
/0
5
Ju
n/
05
Ju
l/0
5
Au
g/
05
Se
p/
05
O
ct
/0
5
N
ov
/0
5
D
ec
/0
5
Ja
n/
06
Fe
b/
06
M
ar
/0
6
W
at
er
 L
ev
el
 (m
)
BOMADERRY
BROUGHTON MILL
 
Figure 5-3: Daily river stage height (m) for two gauges, Bomaderry- blue line, and 
Broughton Mill- red line in the lower Shoalhaven estuary during the period 
January 2003 to March 2006 
In the Clyde R. catchment, rainfall levels were obtained from 5 rain gauges distributed 
within the downstream and midstream areas (rain gauges location described in Chapter 4, Table 
4.3). There were also two stream flow gauges in the lower catchment, one in the Buckenbowra 
Creek at the midstream and the other in the main river at Brooman, approximately 40km 
upstream from the mouth. The correlation between rainfall and discharge data was examined. 
Flow at both of the gauges was correlated (Pearson coefficient= 0.75, P<0.001 for Log10 
transformation of flows). Flows and rainfall at most of the rain gauges also co-varied 
significantly with Pearson’s coefficients varying between 0.6-0.9, except for the correlation 
between flow rates at Brooman and some of the downstream rain gauges (Figure 5-4). The latter 
lack of correlation resulted of from local coastal rainfall events occurring only at the mouth of 
the river. These events did not bring large amounts of fresh water or nutrients into the river 
system and, did not impact on the water column of the estuary or oyster growth due to quick 
tidal flushing. Over the period February 2003-06, rainfall was uniformly distributed through the 
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catchment but rainfall intensity varied, especially during the last 6 months when the upper 
catchment areas received most of the rainfall. 
Figure 5-4 shows that the July 2005 event was the largest runoff event during the sampling 
period. This event brought the largest discharge into the Clyde R for 3.5 years. Only the July 
2005 event (peak flow ~50,000 ML/day discharge) and the October 2005 event (peak flow 
~20,000 ML/day discharge) flushed fresh to the mouth of the river (Figure 5-12, A). The 
previous two years were characterized by low rainfall with base flow discharges, especially 
during the first year (July 2003-2004). The discharge over five days during the July 2005 event 
was greater than the total flow during the previous two years of sampling due to prevailing 
drought conditions. 
 
Figure 5-4: Time series of total rainfall (mm) and flow rate (ML/day) at Brooman (40km 
upstream) and time series of flow rates (ML/day) at Brooman and Buckenbowra Creek 
(5km upstream) 
Note: The Buckenbowra Creek flow data has been off-set for clarity. The July 2005 
peak reached 50,000 ML/day 
Source: Rainfall data from Bureau of Meteorology (February 2003-2006); Flow 
data from the NSW Dept of Natural Resources (February 2003-2006) 
5.1.6 Rainfall and its effect on salinity  
Australian rivers have a distinctive hydrology due to highly variable annual flows (Eyre, 
1998; Eyre and Balls, 1999). As described in section 3.3 (Chapter 3) the Clyde and the 
Shoalhaven/Crookhaven Rivers classified as temperate estuaries, generally show a weak 
stratification for most of the year due to the small-scale constant freshwater base flow discharge 
  
A. Rubio Chapter 5 Page 92 
occurring in the catchments. However, during and immediately following large rain events, 
strong salinity stratification tends to occur and a salt-wedge develops, which is subsequently 
eroded by tidal action.  
Salinity in the Clyde River was found to remain well-mixed during low discharge 
conditions but becomes vertically stratified immediately after a large event (Figure 5-5). During 
smaller scale events the surface freshwater plume dissipates more quickly than in the larger 
events taking, on average, 3-4 weeks and 6-7 weeks, respectively. On the other hand, in the 
Shoalhaven, salt-wedges were not detected and salinity remained vertically well-mixed 
throughout the sampling period even through significant rain events.  
 
Figure 5-5: Longitudinal salinity gradient in the Clyde River for the October 2005 rain 
event (200-mm rainfall, ~20,000 ML/day discharge) for A) 5 days; B) 20 
days; C) 35 days; D) 50 days 
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River daily discharges were strongly correlated with the rain events in the catchments. 
Instantaneous flow data provide a better measure of the integrated rainfall entering the river than 
rainfall at any gauge, as the rainfall at any the gauge locations may be localised and runoff may 
not necessarily discharge to the river. Therefore, flow data for both gauges (Brooman and 
Buckenbowra Creek) will be used in the data analysis when assessing the effect of rainfall 
events on nutrient levels and/or oyster growth.  
The influence that episodic freshwater flows have on the salinity levels of the Clyde River 
is examined in the following sections in this chapter. Salinity data for the Clyde River is used to 
develop a simple hydrodynamic model for the river to allow estimation of water exchange 
coefficients and flushing times along the river. 
5.1.7 Advection—diffusion box model of the Clyde River 
In order to idenify the importance of hydrodynamics and flushing times along the Clyde 
estuary a simple one dimensional, 1-D box model was developed. The configuration of the 
model is shown in Figure 5-6. The model assumes that movement of a conservative tracer in the 
estuary is only dependent on mean river flow and tidal mixing. In order to calibrate the model, 
mixing coefficients between the boxes were estimated based on flushing times calculated from a 
more complex hydrodynamic model of the Clyde River developed by WBM Oceanics (1999). 
Salinity data collected from the field trips and from the water quality probes deployed in the 
estuary were used to validate the 1-D model. 
As seen from Figure 5-6, additional boxes to the number of experimental sites used in this 
study were used in the hydrodynamic model. Ten boxes were chosen to represent the different 
cultivating grounds in the down- and midstream plus two additional boxes to represent the areas 
above the leases (Box-8 & Box-9). Box-10 represents the tidal limit at Brooman and the main 
input of freshwater into the estuary. 
 
 
Figure 5-6: Schematic of the 1-D advection diffusion box model developed for the Clyde 
River estuary 
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The following assumptions were made in the development of this model:  
1- Freshwater is added to the estuary model at only 3 locations: upstream Box-10; Box-B, 
corresponding to freshwater input from the Buckenbowra creek and; Box-M, 
corresponding to freshwater input from Mogo creek. Groundwater discharge or 
recharge along the estuary is ignored. 
2- Mass is conserved so that the water leaving the estuary at the ocean boundary equals the 
sum of the 3 riverine inputs at any time.  
3- Tidal processes mix water between adjacent boxes. This is assumed to be independent 
of the flow rate, a common assumption in such models and a reasonable hypothesis 
when the mean river flow is not too great. The tidal mixing varies by location but not in 
time, so the model does not resolve spring-neap cycles, for instance. 
4- Each box is homogeneous so that the tracer is vertically and horizontally well-mixed 
 
For a box (i), the tracer concentration Ci at time t+1 is given by: 
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Where t is the time, dt is the time step, Eji is the exchange of water between boxes i and j; 
Vi is the volume of Box-i; R is the riverine flow at Box-i; and S represents any other source or 
sink terms such as uptake of tracer (i.e. by oysters). This equation is modified in Box-4 and 
Box-5 to take into account additional flow and mixing between the tributaries of Mogo and 
Buckenbowra Creeks, respectively. 
The volume of the boxes in the model was calculated based on field measurements of 
width and depth and available bathymetric data (source: NSW Department of Land and Water 
Conservation). The estimated profile of cross sectional area from the mouth to the tidal limit is 
given in Figure 5-7 (OzEstuaries, 2005). Flow data was available for the upstream location, 
Brooman, which flows into Box-10 and, for the Buckenbowra creek Box-5. Two additional 
creeks enter Box-10. To account for this the Brooman flow is scaled by the additional area of 
the catchment associated with these two creeks. This results in a total flow into Box-10 of 1.6 x 
flow at Brooman (see Sanderson, 2004). Similarly the flow in Mogo Creek was estimated by 
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scaling the Buckenbowra flow by the relative areas of the Buckenbowra and Mogo catchments 
(R mogo = 0.16 R Buckenbowra). 
 
Figure 5-7: Mean width (m), depth (m) and estimated cross sectional area (m2) along the 
Clyde estuary from the mouth to the upstream tidal limit at Brooman (40 
km)  
Source: Plot outputs derived from bathymetry data available at (OzEstuaries, 2005) 
 
The exchange coefficients Eij where estimated using e-folding flushing times taken from a 
hydrodynamic model developed for the Clyde by WBM Oceanics (1999, Figure 5-8). This 
model was developed as part of a Processes Study for the NSW Estuary Management Policy to 
develop an understanding of water quality and sedimentation in the Clyde estuary. The 
calibration was done by setting all flow terms, sources and sinks to zero and setting the initial 
tracer concentration in all boxes to a value of 1. The oceanic boundary was fixed at zero 
concentration for all time. The exchange coefficients were then adjusted until the box-model 
had flushing times equivalent to the hydrodynamic model. 
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Table 5-2: Estuary exchange coefficients for the hydrodynamic model 
Box Exchange coefficient (m3/d) Volume (m3) 
1 -13124000 0.328 x 107 
2 -27575000 0.221 x 107 
3 -82875000 0.332 x 107 
4 -2.15 x 107 0.302 x 107 
5 -1.44 x 107 0.259 x 107 
6 -6.54 x 106 0.255 x 107 
7 -7.67 x 106 0.230 x 107 
8 -7.71 x 106 0.200 x 107 
9 -4.10 x 106 0.491 x 107 
10 -1353000 1.624 x 107 
Buckenbowra -4900000 0.098 x 107 
Mogo Creek -4900000 0.046 x 107 
 
 
Figure 5-8: Flushing times (days) for the Clyde estuary (colour bar) and geographical 
location of the boxes used in the advection and diffusion model 
Source: (WBM Oceanics Australia, 1999a) 
 
In order to test the model, predicted and observed salinity distributions were compared. 
Once again source and sink terms were set to 0. However, a realistic flow and boundary 
conditions were now included, with incoming freshwater at 0ppt, and the oceanic boundary 
maintained at 35 ppt. The resulting salinities are indicative of high tide salinities. At low tide the 
ocean boundary salinity can dip well below the open ocean salinity. Most salinity measurements 
taken in this study were recorded at low tide. In order to compare the observed and predicted 
salinities, a spatially varying salinity offset was applied to the simulated salinities, based on 
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salinity differences found on one day when high resolution salinity profiles were taken at both 
high and low tide. Figure 5-9 shows a comparison between both the low tide simulated (left 
contour plot) and observed salinities (right contour plot, white circles corresponds to field 
measurements). 
 
 
Figure 5-9: Surface contour plot of the observed and modelled salinity levels in the Clyde 
River for the period March-03 to February-06.  Middle panel shows 
modelled results but mapped onto observed sampling times and locations 
X axis is distance upstream in km and salinity values are in ppt. White dots indicate 
recorded data 
 
Panels in Figure 5-9 show the equivalent of boxes 1 to 10, as the creeks were not included. 
There appears to be a good overall agreement between modelled and observed salinities, 
however, discrepancies do occur. This is hardly surprising given the simplicity of the model. 
Some reasons for this include: 
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1. The model parameterizes unknown flows based on relative catchment size and the 
assumption of similar runoff coefficients. Rainfall, however, varies significantly on 
small spatial scales and there can be regionally varying lags between rainfall and flow. 
As a result, the local flow regime at a particular time could be very different from that 
predicted.  
2. Although the modelled flow only enters at 3 points, in reality there will be input at 
many points, especially during heavy rain events. 
3. The model assumes a vertically well-mixed estuary. Field measurements showed this is 
a reasonable approximation for much of the time. However, salt wedges occurred 
during and following intensive rainfalls. Under these situations freshwater tends to flow 
above the saline oceanic water. 
4. The ocean boundary is kept at a constant salinity. This assumes that the ocean removes 
any freshwater from the mouth very quickly.  
5. The hydrological model developed by WBM Oceanics (1999) from which the flushing 
times were taken to calculate the exchange terms, has its own set of assumptions. One 
concern with this model is the relatively small quantity of observational data that was 
used in the model calibration. Another simple box model for Clyde Estuary developed 
by Sanderson (2004), also gave broadly consistent flushing times. 
The predicted features in the model output are much sharper than those in the observations. 
To test whether this was just a function of the sampling frequency, the model output was re-
sampled at only those times and locations when field data was taken. The results are shown in 
Figure 5-9. The comparison of the model output with the observations improved noticeably, 
indicating that in the natural system processes are probably sharper than suggested by the 
relatively infrequently sampled field data (model output at approximately 15minutes intervals). 
Despite these discrepancies, the model reasonably represents the measured spatial and 
temporal variations in salinity. In chapter 8, this model will be used to investigate the flow of 
other tracers such as chlorophyll-a through the estuary, as a function of river flow, tidal mixing 
and taking into account the depletion and/or uptake of the tracer by the oysters through 
physiological processes, such as filtration. Of course salinity is not a surrogate for a non 
conservative species such a s phytoplankton, but the comparison here shows that the model 
describes the general dynamics of the estuary surprisingly well. 
In the next section chemical data analysis, spatial and temporal variations and the effect 
that rain events might have on this data are described. 
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5.2 Nutrient chemistry of the sampled estuaries 
Most of the chemical parameters sampled in this work showed marked seasonal 
differences. Nutrient levels in the Clyde River fluctuated more than in the Shoalhaven across 
seasons. Only a few chemical variables differed between locations within the Clyde sites 
suggesting that this estuary is a well mixed system driven mainly by tidal processes. Nutrient 
concentrations were in general low and a large number were below the analytical detection 
limit, especially the various phosphorus components. For instance, in the Clyde River, 57% of 
FRP-P, 47% of TDP and 19% of TP results were below the detection limit (see Appendix I for 
limitations of the laboratory analysis). It is noteworthy that mean TSM, POM, FRP-P, TP, TDP, 
temperature and salinity in the Shoalhaven are all significantly higher than in the Clyde. 
Summary statistics (Table 5-3 to Table 5-9), time series plots of water parameters for all 
the sampling locations in both estuaries (Figure 5-10 to Figure 5-15) and contour plots of 
surface physico-chemical variables (Figure 5-12 & Figure 5-13) sampled in the Clyde River are 
presented below. Additional time series of the physico-chemical variables for each sampling 
location are in Appendix I.  
  
Table 5-3: Summary statistics for environmental data averaged over all sampling sites in the Clyde and in the Shoalhaven River  
  Clyde River (Feb 04 – Jan 06) Shoalhaven River (Oct 04(I) – Jan 06) 
Parameters Units Mean ± S.E. N Minimum Maximum Mean ± S.E. N Minimum Maximum 
Chl-a µg l-1 1.38 ± 0.14 35 0.23 4.69 1.44±0.19 19 0.27 3.74 
Phaeo µg l-1 0.45 ± 0.06 33 0.06 1.53     
TSM mg l-1 10.96 ± 0.97 35 3.29 23.77 15.58±1.41 17 8.66 31.85 
POM(*) mg l-1 2.07 ± 0.14 35 0.47 4.10 2.36±0.17 17 1.37 3.7 
          
NOx mg N  l-1 0.036 ± 0.009 32 0.001 0.230 0.02±0.01 16 0 0.13 
NH4+ mg N  l-1 0.017 ± 0.004 32 0.002 0.126 0.01±0 16 0 0.08 
FRP-P mg P  l-1 0.0022 ± 0.0003 32 0.0010 0.0060 0.008±0 16 0.002 0.026 
DSi mg Si  l-1 0.65 ± 0.06 32 0.13 1.20 0.48±0.06 16 0.26 1.14 
          
TN (*) mg N  l-1 0.28 ± 0.02 28 0.15 0.54 0.28±0.02 16 0.17 0.41 
TDN(*) mg N  l-1 0.22 ± 0.02 22 0.13 0.42 0.22±0.02 15 0.13 0.33 
TP(*) mg P  l-1 0.009 ± 0.001 28 0.003 0.020 0.02±0 16 0.01 0.03 
TDP(*) mg P  l-1 0.006 ± 0.0005 20 0.003 0.010 0.01±0 15 0 0.02 
          
TOC mg C  l-1 3.32 ± 0.3 30 1.53 9.20 2.82±0.38 16 1.18 6.55 
POC mg C  l-1 0.59 ± 0.1 30 0.03 2.70 0.66±0.15 16 0.04 2.18 
DOC mg C  l-1 2.74 ± 0.2 30 1.05 6.92 2.17±0.31 16 0.93 5.78 
          
Temp ºC 18.4 ± 0.7 36 11.7 26.8 19.4±0.96 14 13.84 24.77 
Sal ppt 27.2 ± 1.0 36 12.4 37.6 29.83±1.45 14 14.51 35.97 
pH pH values 7.9 ± 0.1 32 7.1 8.8     
DO % saturation 100.8 ± 3.9 32 41.0 132.0     
N= number of sampling dates 
(*)= average values for period Aug04 – Jan06 for the Clyde River;  
(I)= average values of Chl-a, Phaeo, Temp & Sal in Shoalhaven for period Aug04 - Jan06 
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Figure 5-10: Time series plots of water quality parameters in the Clyde River (A)-Chl-a, 
TSM, POM; (B)- DSi, TOC, DOC; (C)- NOx, NH4, TN, TDN; (D)- Temp, Sal) 
for the period Feb 2004 to January 2006 averaged over all sampling 
locations. Mean ± S.E. Red discontinuous boxes show rain events 
Note: Dates (X-axis) are in mm/dd/yy format. Major rain event magnitudes marked 
with red boxes are as follows in Apr 04: 80mm; Oct/Nov 04: 75mm & 130mm; Mar 
05: 20mm; Jun 05: 50mm; Aug 05: 60&25mm; and Nov 05: 150mm
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Figure 5-11: Time series plots of water quality parameters in the Clyde River (A)- Chl-a, 
Phaeo; (B)- DO, pH; (C)-PO4, TP, TDP; (D)- Temp, Sal) for the period Feb 
2004 to January 2006 averaged over all sampling locations. Mean ± S.E. Red 
discontinuous boxes show rain events 
Note: Dates (X-axis) are in mm/dd/yy format. Major rain event magnitudes 
marked with red boxes are as follows in Apr 04: 80mm; Oct/Nov 04: 75mm & 
130mm; Mar 05: 20mm; Jun 05: 50mm; Aug 05: 60&25mm; and Nov 05: 150mm 
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Table 5-4: A) Two- way ANOVA analysis (Location (Loc) and Season (S)) for water parameters collected in the Clyde River over the period Feb-2004 
to January-2006. Mean squares (MS), degrees of freedom (df), F-values (F) and probability and; B) Kruskal-Wallis test of water 
parameters by locations and season. Test Statistic (H), degrees of freedom (df), probability (P) 
A) Phaeo – µg l-1 Chl-a –  µg l-1 TN –  mg N l-1 TDN – mg N l-1 TOC–mgC l-1 POC – mg C l-1 
 df MS F df MS F df MS F df MS F df MS F df MS F 
Loc 7 0.073 1.03ns 7 0.013 0.38ns 5 0.027 1.06ns 5 0.025 1.06ns 7 0.117 3.01** 7 0.150 0.88ns 
Season 3 0.724 10.05*
** 
3 0.477 13.37*** 3 0.048 1.82ns 3 0.24 10.2*** 3 0.018 0.47ns 3 0.367 2.26ns 
L x S 21 0.037 0.52ns 21 0.021 0.59ns 15 0.013 0.48ns 15 0.011 0.49ns -- -- -- -- -- -- 
Error 168 0.072  193 0.035  121 0.026  92 0.023  224 0.043  200 0.171  
Total 199   224   144   115   234   210   
                   
                   
B) TSM – mg l-1 POM – mg l-1 NOx –  mg N l-1 FRP-P – mg P l-1 NH4+ –  mg N l-1 DSi – mg Si l-1 
 df H P df H P df H P df H P df H P df H P 
Loc 7 21.92 *** 7 7.98 ns 7 14.02 ns 7 47.73 *** 7 16.20 * 7 45.48 *** 
Season 3 41.74 *** 3 31.5 *** 3 10.72 * 3 83.75 *** 3 12.52 ** 3 53.28 *** 
Total 21
1 
  211   270   270   269   270   
               
               
 TP –  mg P l-1 TDP –  mg P l-1 PP- –  mg P l-1          
 df H P df H P df H P          
Loc 5 7.21 ns 5 3.27 ns 5 3.55 ns          
Season 3 30.33 *** 3 2.05 ns 3 11.65 ***          
Total 14
5 
  116   110            
Notes:  1) Most parameters included 8 sampling locations in the Clyde R. except for TN, TDN, TP, TDP & PP which did not include Clyde-4 
and Clyde-7 in the analysis (N=6). Parameters in (A) were log10 transformed for homogeneity of variance 
  2) Analyses for TOC, DOC, NOx, FRP-P, NH4+ & DSi cover the period March 2004 to January 2006 
  3) *P<0.05; **P<0.01; ***P<0.001; ns (not significant) P>0.05 
  4) Tukey’s and Dunn’s post-comparisons shown in Table 5-5 and Table 5-6 
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Table 5-5: Tukey’s (parametric) and Dunn’s (non-parametric) multiple comparison tests on physico-chemical parameter concentrations between 
locations in the Clyde R for the period Feb 2004 to January 2006. For each location, means/medians with a common letter (a, b, c, d, e,f) 
differ significantly from each other (P<0.05) 
Location Temp Sal pH DO TSM POM NOx NH4+ TN* TDN* Chl* Phaeo* FRP TP TDP PP DSi TOC* POC* 
Clyde-1 — a,c — — — — — — — — — — a — — — a,d — — 
Clyde-2 — b,d — — a — — — — — — — b — — — b — — 
Clyde-3 — — — — — — — — — — — — c — — — c — — 
Clyde-4 — — — — — — — — N/A N/A — — — N/A N/A N/A e,f a — 
Clyde-5 — — — — b — — — — — — — — — — — f — — 
Clyde-6 — — — — — — — a — — — — — — — — d,e — — 
Clyde-7 — a,b — — a,b — a a N/A N/A — — — N/A N/A N/A — — — 
Clyde-8 — c,d — — — — a — — — — — a,b,c — — — a,b,c a — 
Notes: (*) These parameters were log10 transformed for homogeneity of variance.  Analyses for TOC, DOC, NOx, FRP-P, NH4+ & DSi cover the period 
March 2004 to January 2006. N/A, data not available. Clyde-4 and Clyde-7 were not sampled for TN, TDN, TP, TDP & PP 
Table 5-6: Tukey’s (parametric) and Dunn’s (non-parametric) multiple comparison tests on physico-chemical parameter concentrations between 
seasons in the Clyde R for the period Feb 2004 to January 2006.  For each season, means/medians with a common letter (a, b, c, d) differ 
significantly from each other (P<0.05) 
Location Temp Sal pH DO TSM POM NOx NH4+ TN* TDN* Chl* Phaeo* FRP TP TDP PP DSi TOC* POC* 
Winter a,b,c — a,b a,b a, b — — a — a,b,c a,b a,b,c a,b a,b — — a,b — — 
Spring a,d — a,c c a,c — — — — a a,c a a,c a,c — a a,c — — 
Summer b,d,e — b,d a,c d — a — — b b b b,d c,d — a,b b,c,d — — 
Autumn c,e — c,d b b,c,d — a a — c c c c,d b,d — b d — — 
Notes: (*) These parameters were log10 transformed for homogeneity of variance.  Analyses for TOC, DOC, NOx, FRP-P, NH4+ & DSi cover the period 
March 2004 to January 2006. N/A, data not available. Clyde-4 and Clyde-7 were not sampled for TN, TDN, TP, TDP & PP 
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Table 5-7 A) Two- way ANOVA analysis (Location (Loc) and Season (S)) for water parameters collected in the Crookhaven / Shoalhaven River over 
the period Oct-2004 to January-2006. Mean squares (MS), degrees of freedom (df), F-values (F) and probability and; B) Kruskal-Wallis 
test of water parameters by locations and season. Test Statistic (H), degrees of freedom (df), probability (P) 
A) Chl-a –  µg l-1 TSM – mg l-1 POM – mg l-1 NOx –  mg N l-1 TN –  mg N l-1 TDN – mg N l-1 
 df MS F df MS F df MS F df MS F df MS F df MS F 
Loc 5 0.084 3.35*** 5 0.161 3.83** 5 0.038 1.11ns 5 0.52 1.50ns 5 0.074 3.86*** 5 0.047 2.13ns 
Season 3 0.146 5.62*** 3 0.05 1.18ns 3 0.105 3.11* 3 2.654 7.62*** 3 0.063 3.33* 3 0.092 4.13*** 
Error 81 0.025  76 0.042  77 0.339  74 0.348  58 0.019  71 0.022  
Total 89   84   85   82   81   79   
                   
 FRP-P – mg P l-1 TP –  mg P l-1 TDP –  mg P l-1 NH4+ –  mg N l-1 DSi – mg Si l-1  
 df H P df H P df H P df H P df H P    
Loc 5 0.56 4.55*** 5 0.172 2.51* 5 0.141 2.17ns 5 0.038 0.15ns 5 0.551 8.24***    
Season 3 0.382 3.10* 3 0.305 4.45*** 3 0.335 5.13*** 3 1.675 6.55*** 3 0.165 2.47ns    
Error 74 0.123  73 0.068  71 0.065  74 0.255  74 0.067     
Total 82 81 79   82   80      
               
B) TOC–mgC l-1 POC – mg C l-1 DOC – mg C l-1          
 df H P df H P df H P          
Loc 5 20.72 *** 5 21.07 *** 5 3.54 ns          
Season  3 23.9 ** 3 16.57 ** 3 16.92 **          
Total 82   75   82            
Notes:  1) Parameters were log10 transformed for homogeneity of variance and normality  
  2) No season replication except for spring due to 1yr & 3m sampling period 
  3) Chl-a, Temp & Sal data cover the period Aug04 – Jan06 
  4) *P<0.05; **P<0.01; ***P<0.001; ns (not significant) P>0.05 
 5) Tukey’s and Dunn’s post-comparisons shown in Table 5-8 and Table 5-9 
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Table 5-8: Tukey’s (parametric) and Dunn’s (non-parametric) multiple comparison tests on physico-chemical parameter concentrations between 
locations in the Shoalhaven/ Crookhaven R for the period August 2004 to January 2006. For each location, means/medians with a 
common letter (a, b, c, d, e,f) differ significantly from each other (P<0.05) 
Location Temp Sal Chl TSM POM NOx TN TDN FRP TP TDP NH4+ DSi TOC POC DOC 
Shoal-1 — a a — — — a — — — — — a,c a,b,c,d — a 
Shoal -2 — a,b,c b — — — b — — a — — b,d — — b 
Shoal -3 — — — — — — — — — — — — — a — — 
Shoal -4 — b — — — — a,b — a,b — — — — b — — 
Shoal -5 — — a,b a — — — — a a — — a,b c — a,b 
Shoal -6 — c — a — — — — b — — — c,d d — — 
Notes: (*) These parameters were log10 transformed for homogeneity of variance. N/A, data not available. Chl-a, Temp & Sal data cover the period 
Aug04 – Jan06 
 
Table 5-9: Tukey’s (parametric) and Dunn’s (non-parametric) multiple comparison tests on physico-chemical parameter concentrations between 
seasons in the Shoalhaven/ Crookhaven R for the period August 2004 to January 2006.  For each season, means/medians with a common 
letter (a, b, c, d) differ significantly from each other (P<0.05) 
Location Temp Sal Chl TSM POM NOx TN TDN FRP TP TDP NH4+ DSi TOC POC DOC 
Winter a — a — — a,b a a — a a b,c — a,b,c — a,b,c 
Spring c,d — — — — — — — — — — c — a a,b a 
Summer b,d — a — a b a a a — a a,b — b a b 
Autumn a,b,c — — — a a — — a a — a — c b c 
Notes: (*) These parameters were log10 transformed for homogeneity of variance. N/A, data not available. Chl-a, Temp & Sal data cover the period 
Aug04 – Jan06 
No season replication except for spring due to 1yr & 3m sampling period 
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Figure 5-12: Contour plots of surface physico-chemical water data in the Clyde R (A: Sal (ppt); B: NOx (mg N l-1); C: Chl-a (µg l-1); D: Temp (ºC); E: 
FRP-P (mg P l-1); F: NH4+ (mg N l-1)) for locations 1 (ocean) to 8 (upstream) over the period Mar 04 to Jan 06. Arrows indicate rain events. White ‘x’ 
shows measured data
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Figure 5-13: Contour plots of surface physico-chemical data in the Clyde R. (A: TSM (mg l-1); B: POM (mg l-1); C: POC (mg C l-1); D: TN (mg N l-1); 
E: TP (mg P l-1); F: TOC (mg C l-1)) for locations 1 (ocean) to 8 (upstream) over the period Mar 04 to Jan 06. Arrows indicate rain events. White ‘x’ 
shows measured data 
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Figure 5-14: Time series of surface physico-chemical data for sampling sites 1, 2, 4, 5 & 6 in the Shoalhaven R. (dissolved inorganic nitrogen, NOx; 
dissolved inorganic phosphorus, PO4-; chlorophyll-a, Chl-a; total suspended matter, TSM; particulate organic matter, POM; dissolved 
silica, SiO2) over the period Nov04 to Jan06. Rain event (160mm) in July-05 marked with grey boxes. 
 Each sub-panel for a particular variable has the same X axis range. Location Shoal-3 was omitted due to infrequent sampling  
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Figure 5-15: Time series of surface physico-chemical data for sampling sites 1, 2, 4, 5 & 6 in the Shoalhaven R. (total nitrogen, TN; total 
phosphorus, TP; ammonia, NH4+; total organic carbon, TOC; particulate organic carbon, POC; dissolved organic carbon, DOC) over the period 
Nov04 to Jan06. Rain event (160mm) in July-05 marked with grey boxes.  
Each sub-panel for a particular variable has the same X axis range. Location Shoal-3 was omitted due to infrequent sampling  
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5.2.1 Dissolved inorganic nutrients 
Levels of dissolved inorganic nutrients at both sampling estuaries were extremely low 
except following a rain event. For instance, in the Clyde River, after a 50,000ML/day-flow- 
event inorganic nitrogen increased by 10-20 times (Figure 5-10, c).  
Dissolved inorganic nutrients concentrations varied significantly at the location level 
except for NOx and NH4+, which showed similar levels between the sampling locations in both 
Clyde and Shoalhaven estuaries, with the exception between the upstream sampling sites in the 
Clyde River (Table 5-5 and Table 5-8). However, FRP-P and DSi varied significantly between 
the downstream and upstream locations. DSi values increased progressively from the 
downstream to upstream locations in both estuaries, except for values recorded at Clyde-7 
(Figure 5-16). This is consistent with upstream sources of DSi and is the inverse of the pH 
gradient. Values of FRP-P also varied along the estuarine gradient. However the concentration 
gradient was different for each estuary. In the Clyde River the dissolved inorganic phosphorus 
levels were higher at the oceanic sites than at the upstream sites, whilst in the Shoalhaven the 
levels of phosphorus for all the different forms were generally higher in the upstream locations 
(Figure 5-17). This perhaps represents recycling of benthic P in the downstream estuary or 
oceanic input. In general all the inorganic dissolved nutrients were higher in the upstream 
locations of the Shoalhaven River (Table 5-13). This strongly suggests upstream sources of P in 
this catchment and is consistent with the level of development of the Shoalhaven catchment. 
POM and POC levels were similar across all locations in the both estuaries. 
 
 
Figure 5-16: Interquartile boxplot for average dissolved silica (mg Si /L) at each location 
and at each season in the Clyde River 
Notes: C-1 is Clyde-1, sampling location close to the ocean and C-8 is Clyde-8, the 
farthest upstream location. Interquartile boxplots show the interquartile range, 
with the box bottom at the 25th percentile and box top at the 75th percentile 
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In the Clyde River dissolved nutrients varied significantly across the seasons. In each 
season it appears that one nutrient was dominant. For instance, during winter the levels of NOx 
(average: 0.040 mg N l-1) were the highest although only significantly higher than in autumn 
(Kruskal-Wallis, H= 10.72, P= 0.013). The average levels of FRP-P and NH4+ reached their 
maximum values in autumn (average: 0.0037 mg P l-1 and 0.014 mg N l-1, respectively). The 
lowest seasonal value for FRP-P occurred in summer and for NH4+ in winter. In addition, DSi 
was significantly higher during summer than in other seasons (Kruskal-Wallis, H= 53.2, P< 
0.001; Table 5-4). In contrast, all the dissolved nutrients in the Shoalhaven had consistently 
highest concentrations in winter (Table 5-9). These nutrients were depleted through the warmer 
months reaching minimum levels during the summer months. 
 
Figure 5-17: Interquartile boxplot for average dissolved inorganic phosphorus (mg P /L) 
at each location and at each season in the Shoalhaven River 
Notes: Shoal-1 is the sampling location close to the ocean and Shoal-6 is the farthest 
upstream location. Interquartile boxplots show the interquartile range, with the 
box bottom at the 25th percentile and box top at the 75th percentile. Dots represent 
outliers. 
 
5.2.2 Seston components at both sampling estuaries 
5.2.2.1 Seston quantity 
Measurements of the concentration of chlorophyll-a provided information on the quantity 
and photosynthetic activity of phytoplankton in the water column. Phaeopigment-corrected Chl-
a levels fluctuated throughout the sampling period, varying with rainfall events and seasons. In 
the Clyde River annual average Chl-a levels in 2003 were significantly lower (F=22.6, P<0.001) 
than in 2004 and 2005. There were significant seasonal differences in Chl-a levels (F=13.37, 
P<0.001), particularly during spring and summer (average: 1.8 and 1.5 µg l-1, respectively), in 
contrast to autumn and winter, both of which had similar low average values (0.9 µg l-1). In the 
Shoalhaven, Chl-a levels followed similar pattern to those in the Clyde, however, Chl-a in 
spring  (1.9 µg l-1) was significantly higher than in other seasons. Chl-a in the Shoalhaven River 
also reached its lowest levels in winter (average: 0.87 µg l-1). Chl-a levels in the upstream 
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locations for both estuaries were, on average, higher than in the mid- and down-stream 
locations. Phaeopigment levels in the Clyde River did not differ between locations but were 
significantly lower (F=10.05, P<0.001) during the winter season (average: 0.23µg l-1). The ratio 
of chlorophyll to phaeopigment gives an indication of the physiological state of the algae. From 
the extensive set of data collected in the Clyde, this ratio was significantly different during 
spring and summer (F=9.01, P<0.001) compared to those during winter, as Chl-a levels were 
higher during the warmer months.  
Mean TSM concentrations in the Shoalhaven (average: 15.6 mg l -1) were higher than those 
in the Clyde (10.9 mg l -1). In general, TSM concentrations in the Clyde River were significantly 
higher in the down- and mid-stream locations (average: 13 mg l -1) than in upstream locations 
(average: 7 mg l –1, Kruskal-Wallis, H=21.92, P=0.003). Again this suggests a resuspension of 
benthos may be occurring in the downstream locations. In contrast, TSM concentrations in the 
upstream oyster growing locations of the Shoalhaven (Shoal- 5, average 20 mg l –1) and in a 
confined bay into which the Crookhaven discharges (Shoal-4, average 18 mg l –1) were higher 
than in the rest of the sampling locations. However, TSM concentrations for the furthest 
upstream location, which is not an oyster growing area and is in the middle of the main river 
channel (Shoal-6, average 10 mg l –1), had the lowest levels of TSM of all the sites. This may be 
a consequence of higher water flow there compared to the other more sheltered oyster growing 
areas or to a decrease in benthic cycling. 
Suspended matter in the Clyde River was significantly higher during autumn and reached 
minimum levels during winter. Water transparency reached its maximum during the winter 
season in the Clyde River, except when large rain events occurred. In contrast no seasonal 
differences in TSM were found in the suspended matter concentration in the Shoalhaven (Table 
5-9). Concentrations of POM in the Clyde River followed the same trend as TSM with seasonal 
differences but no differences at sampling locations. POM concentrations in the Clyde R. were 
significantly lower in winter (average= 1.4 mg l–1; Kruskal-Wallis, H=31.5, P<0.001) than in 
other seasons (autumn, average: 2.5 mg l -1). In the Shoalhaven, concentrations of POM were 
similar across seasons and sampling sites although slightly lower at Shoal-6.  
In both estuaries, as expected, the concentrations of suspended matter increased in the 
water column soon after rain events. Most of this material was inorganic and sank soon after the 
rain event (TSM and POM levels after rain events are shown in Figure 5-10 (A) and Figure 5-13 
(A)). On average POM constituted 24% and 18% of the TSM in the Clyde and Shoalhaven 
Rivers, respectively but decreased to 15% and 12% during rain events. 
Approximately 19% and 24% for the Clyde and 11% and 40% for the Shoalhaven, of the 
total nitrogen and phosphorus, respectively, were in the inorganic dissolved form. As expected, 
the total and, the dissolved component of the total nutrient values followed the same pattern 
across seasons and sites. For instance, the TN and TDP in the Clyde River did not differ 
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significantly at the seasonal or location level. However, in the Shoalhaven, the N components 
varied across the sites with extremely high levels in Shoal-4, the grow-out site for many oyster 
growers in this estuary. Similarly, all the phosphorus components reached higher concentrations 
in the upstream oyster growing areas of the Shoalhaven (average TP was 0.026 mg P l-1).  Again 
this probably reflects the land-based farming source of nutrients in the estuary. 
Both particulate nitrogen and phosphorus levels generally increased after rain events 
(Figure 5-13 (D & E)). On average the particulate nitrogen and phosphorus made up 22% and 
34-50% of the total nitrogen and phosphorus, respectively, in both estuaries (Table 5-3). The 
particulate forms of nitrogen and phosphorus did not vary seasonally in the Shoalhaven but they 
did in the Clyde, reaching minimum values in spring and maximum values in summer 
(ANOVA, F=4.38, P=0.007). The particulate carbon in the Clyde River did not vary temporally 
or spatially, however, POC in the Shoalhaven increased from autumn to winter. 
All organic carbon variables monitored in the Clyde did not vary seasonally but varied 
between a few of the sampling locations at a relatively low level of significance. TOC 
concentrations were significantly higher in the upstream locations, especially Clyde-8 (average: 
3.63 ± 0.26 mg l-1), compared with the oceanic locations (ANOVA, F=3.01, P=0.005). All 
carbon components increased dramatically in winter at most of the locations in the Shoalhaven 
River. The particulate carbon contributed 18% and 23% of the total organic carbon component 
in the Clyde and Shoalhaven, respectively. In general, carbon levels increased after a rain event, 
similarly to nitrogen and phosphorus. A comparative schematic diagram for the chemical 
variables in the two estuaries is included in the integrated discussion section of this chapter 
(section 5.4, Table 5-12 and Table 5-13)  
5.2.2.2 Seston quality 
In this section seston quality is assessed as the ratio of organic nutrient components, which 
are a measure of the fraction of detrital versus living matter, the carbon to nitrogen ratio and the 
ratio of sampled nutrients to the overall organic matter. These ratios represent the nutritional 
quality of the material available to oysters and the potential limitation of oyster growth if there 
is a lack of an essential nutrient. Contour plots of surface water for seston quality (Figure 5-18), 
the average values (Table 5-10) and the statistical analysis (Table 5-11) for each sampling 
location and season are presented in this section. Care should be taken when treating average 
values for the seston ratios as these are significantly modified during periods of heavy rainfall 
(more details in discussion section 5.3).  
The percentage of organic matter in the total suspended matter was on average 25 and 16% 
in the Clyde and Shoalhaven, respectively. This ratio differed significantly at the seasonal level 
but not with location for the Clyde R. locations (Kruskal-Wallis, H=14.52, P=0.002). The major 
differences occurred between autumn and summer (averages: 0.17 and 0.27 mg l-1, 
respectively). The POM:TSM ratio in the Clyde River was higher from Jul 04 to Apr 05 than 
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from May 05 to Feb 06, probably as a consequence of more intense and larger scale rainfall 
events during the latter period (Figure 5-18 (A)). In the Shoalhaven, the organic component of 
the suspended matter was higher in autumn than in the other seasons. The concentrations were 
low for two sampling sites: Shoal-4 and Shoal-5, despite higher concentrations of the particulate 
component of nitrogen, phosphorus and carbon at these sites. 
Ratios of Chl:TSM varied seasonally but did not vary between sampling locations. This 
was also true for the individual Chl-a and TSM variables. The Chl:TSM ratio in the Clyde was 
significantly lower during winter (ANOVA, F=7.55, P<0.001), as it was in the Shoalhaven. In 
contrast, during winter the PC:Chl ratios were significantly higher (Clyde data: ANOVA, 
F=14.37, P<0.001) as a result of the low levels of Chl-a during this season. The PC:TSM ratios 
did not vary seasonally but were significantly higher at the upstream locations (Clyde-8 and 
Shoal-5, Shoal-6) due to the high levels of total and dissolved organic carbon there. Finally, 
molar C:N ratios in the Clyde River differed significantly between seasons (ANOVA, F=3.21, 
P=0.028) as a consequence of the consistently high values during spring (average: 40.9 ± 14.2) 
against the low values (average: 18.6 ± 6) in summer.  
 
Table 5-10: Mean±S.E. for seston quality levels collected at 6 locations in the Clyde R. for the 
period Apr 04 to Jan 06  
Location POM:TSM n Chl:TSM n PC:Chl n 
   mg Chl-a l-1/mg TSM l-1  mg C l-1/ mg Chl-a l-1  
Clyde R       
Clyde-1 0.22 ± 0.03 (24) 0.0003 ± 0.00004 (36) 881.4 ± 215.4 (26)
Clyde-2 0.23 ± 0.03 (30) 0.0003 ± 0.00005 (45) 695.3 ± 306.2 (31)
Clyde-3 0.23 ± 0.03 (27) 0.0002 ± 0.00012 (45) 676.3 ± 180.4 (30)
Clyde-5 0.21 ± 0.02 (33) 0.0002 ± 0.00003 (43) 574.2 ± 91.2 (33)
Clyde-6 0.24 ± 0.03 (32) 0.0002 ± 0.00004 (40) 731.5 ± 191.8 (36)
Clyde-8 0.28 ± 0.03 (33) 0.0002 ± 0.00004 (34) 617.3 ± 113.5 (31)
       
 PC n PN n POC:PN molar n 
Clyde R mg C l-1  mg N l-1    
Clyde-1 0.6 ± 0.09 (28) 0.06 ± 0.02 (15) 25.03 ± 5.82 (20)
Clyde-2 0.35 ± 0.07 (40) 0.03 ± 0.01 (19) 33.6 ± 16.52 (17)
Clyde-3 0.55 ± 0.15 (35) 0.06 ± 0.01 (17) 31.65 ± 13 (15)
Clyde-5 0.56 ± 0.1 (38) 0.04 ± 0.01 (20) 33.18 ± 12.54 (16)
Clyde-6 0.48 ± 0.07 (40) 0.05 ± 0.01 (18) 21.32 ± 8.24 (13)
Clyde-8 0.73 ± 0.14 (33) 0.04 ± 0.01 (21) 27.98 ± 6.99 (15)
n= number of samples 
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Table 5-11: Mean squares (MS), degrees of freedom (df), F-values (F) and probability for the 
two-way ANOVA (Location (Loc) and Season (S)) for the values of seston quality 
collected in 6 locations in the Clyde River over the period Apr 04 to Jan 06  
 *POM:TSM Chl:TSM 
(mg Chl-a l-1/mg TSM l-1) 
PC:Chl 
(mg C l-1/ mg Chl-a l-1) 
 df H P df MS F df MS F 
Loc 5 3.93 ns 5 0.39 2.08ns 5 0.089 0.46ns 
Season 3 14.52 ** 3 1.43 7.55*** 3 2.809 14.37**
* 
L x S    15 0.12 0.61ns 15 0.1447 0.76ns 
Error    218 0.19  163 0.1955  
Total    241   186   
          
          
 (1)POC (mg C l-1) PN (mg N l-1) POC:PN molar 
 df MS F df MS F df MS F 
Loc 5 0.15 0.88ns 5 0.15 0.96ns 5 0.17 0.36ns 
Season 3 0.34 2.26ns 3 0.66 4.38** 3 1.04 3.21* 
L x S -- --  15 0.14 0.94ns 15 0.27 0.81ns 
Error 200 0.17  79 0.15  72 0.32  
Total 210   102   92   
          
Note: *Kruskal-Wallis test was applied to this ratio as data did not follow a normal 
distribution and variances were not equal. Test Statistic (H), degrees of freedom 
(df), probability (P).  
All ratios except for POM:TSM were Log10(X) transformed for the ANOVA 
analysis 
*P<0.05; **P<0.01; ***P<0.001; nsP>0.05 (not significant) 
(1) Unbalanced ANOVA as a consequence of some missing value 
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Figure 5-18: Effect of rainfall on seston parameters shown in contour plots for surface seston quality indicators (A: POM:TSM ratio; B: 
Chl:TSM ratio; C: PC:Chl-a ratio; D: POC (mgC l-1); E: PN (mgN l-1); F: particulate C:N molar ratio) calculations for locations 1 (ocean) to 
8 in the Clyde R for the period Mar 04 to Jan 06. Arrows indicate rain events
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5.3 Integration of the physico-chemical variables 
5.3.1 Trends and spatial and temporal variability 
Some mean nutrient concentrations in the Clyde and Shoalhaven Rivers differ from those 
reported for other temperate estuaries. A comparison of published information on water quality 
in temperate and sub-tropical estuaries in NSW, Australia, and of other temperate estuaries in 
North America, Asia and Europe was undertaken (Scribner et al., 1985; Eyre and Twigg, 1997; 
Eyre and Balls, 1999; Fisher et al., 1999; Rask et al., 1999; Songsangjinda et al., 2000; Wyong 
Shire Council, 2000; Dell'Anno et al., 2002; Moore, 2003; Paterson et al., 2003a; Piola, 2003; 
Soletchnik et al., 2005; Drewry et al., 2006 in press). 
The parameter that differs most in the Clyde R compared to publish values was FRP-P. 
Concentrations of FRP-P were extremely low, being 3 to 10 times lower, on average, than in 
other estuaries on the south coast of NSW. The maximum concentrations of NH4+ and DSi in 
the Clyde R. were equal to the average concentrations in other temperate estuaries. Mean 
concentrations of TSM, POM, POC and the mean value of C:N in the Clyde R. were similar to 
mean values for other temperate estuaries (Scribner et al., 1985; Paterson et al., 2003a; Piola, 
2003; Drewry et al., 2006 in press).Ammonia concentrations in the Shoalhaven River were 
lower than average values in temperate estuaries. 
Other nutrient concentrations in the Shoalhaven and Clyde Rivers were higher than 
average values in other temperate NSW estuaries. Concentrations of DIN (2 to 10 times higher), 
PN and PC:Chl were markedly higher compared to temperate estuaries in mid and south coast 
NSW (Scribner et al., 1985; Paterson et al., 2003a; Piola, 2003). Some parameters such as Chl-a 
vary across temperate estuaries according to: a) geographic location along the NSW coast due to 
different water temperatures, with higher values of Chl-a in the north and; b) major catchment 
development with increased nutrient delivery. Chl-a in the Clyde R. corresponded to typical 
concentrations for a pristine estuary on the south coast of NSW. These levels are significantly 
lower than those found in estuaries with a higher level of development within the catchment 
(Paterson et al., 2003a; Piola, 2003). Chl-a levels across the Clyde R. locations varied between 
0.2 and 3µg/l except during rain events when values reached 5ug/l. Chl-a level in the 
Shoalhaven sampling sites were similar to the Clyde, although some of the oyster growing 
grounds had consistently higher chl-a concentrations (Shoal-5) than any of the grounds in the 
Clyde River. 
The low nutrient concentrations, especially DIN, TN, FRP-P, TP, TDN, TOC, DOC and 
POC, increased in flood conditions. The decrease in levels of dissolved nitrate and phosphorus 
following a major rain event might be a result of phytoplankton depleting these resources. 
During these ‘wet’ periods, the concentration of phosphorus in the estuary seems to be limited 
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as illustrated by the values of DIN:DIP ratios (more information is discussed in following 
section 5.4.5.on nutrient limitation).  
Physico-chemical parameters did not vary as much between locations as they did between 
seasons. Of all the sampled variables and seston quality ratios, FRP-P, TSM, DSi, Chl-a, TOC, 
DOC and the PC:TSM ratio showed strong gradients along the estuaries at a highly significant 
level (P<0.001). In the Clyde River FRP-P and TSM levels were higher at the oceanic sites 
while the other parameters were higher at the top mid-stream or upstream sites (see Table 5-13). 
This may be due to resuspension of benthic deposits at the Clyde River mouth. In the 
Shoalhaven most of the mean parameters decreased down the estuary approaching the ocean 
(Table 5-12). This is consistent with the level of development in the Shoalhaven mid-catchment 
compared with that in the Clyde. 
Water quality parameters generally showed more variability between seasons than between 
sampling sites. A summary of the seasonal variations found with a significance level of P<0.001 
is given in Table 5-13. Shoalhaven water quality data was only collected for 1 year and 3 
months and consequently, no replications for seasons could be analysed and any statements 
regarding seasonality in this estuary need to be treated with care.  
In each season the relative importance of the various nutrient forms is different. For 
instance, on average winter in the Clyde River was characterized by high levels of NOx and low 
levels of NH4+ whilst autumn was the reverse. For the particulate nitrogen, maximum levels 
occurred in summer with low levels in spring. In addition, TP and TDP were significantly high 
during winter, while the dissolved inorganic fraction was high in autumn and the particulate 
fraction dominated in summer. 
During dry periods in winter in the Clyde River, TSM and POM concentrations were 
extremely low, enhancing water clarity. Despite the low turbidity, Chl-a and Phaeo 
concentations were also low, presumably due to nitrogen limitation during dry winters and as a 
result of low water temperatures. However, the analyses indicate that POC, TP and TDP are 
available in the water column during this season. In contrast, in the Shoalhaven most of the 
nutrients reached high levels during winter, except for Chl-a, POM, TP and PP. During summer 
in the Clyde River, the particulate fractions of N and P, as well as the organic component of 
TSM, are higher. This, in combination with the significantly high levels of DSi, contributed 
towards the high concentrations of Chl-a during summer in the Clyde. 
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Table 5-12: Schematic diagram showing the spatial variability of the water quality 
parameters that had a strong gradient along the Clyde River and the 
Shoalhaven River 
 
 Clyde   Shoalhaven  
Ocean Midstream Upstream  Ocean Midstream Upstream 
       
DSi  DSi  DSi  DSi 
FRP-P  FRP-P  FRP-P  FRP-P 
Chl-a  Chl-a  Chl-a  Chl-a 
TSM  TSM  TSM  TSM 
TOC  TOC  TOC  TOC 
DOC  DOC  DOC  DOC 
PC:TSM  PC:TSM  PC:TSM  PC:TSM 
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Table 5-13: Seasonal variability in water quality parameters for Clyde (C ) and 
Shoalhaven (S) Rivers. Highest and lowest significant levels are shown  with 
triangles (at the significance level P<0.001) 
  WINTER SPRING  SUMMER  AUTUMN 
        
NOx  
 
    
 
NH4      
 
 
PN   
 
 
 
  
FRP-P    
 
 
 
 
TP  
 
     
TDP  
 
    
 
PP     
 
  
DiSi  
 
  
 
  
Chl-a  
  
 
 
 
 
Phaeo  
 
     
TSM  
 
    
 
POM  
 
    
 
POM:TSM     
 
 
 
Chl:TSM  
 
  
 
 
 
PC:Chl  
 
  
 
  
PN:TSM   
 
 
 
 
 
C:N   
 
 
 
  
Triangular shape pointing down represents the lowest significant value found in the 
season where the icon appears for the Clyde (C ) and Shoalhaven (S) respectively 
 Triangular shape pointing up represents the highest significant value found in the 
season where the icon appears for the Clyde (C ) and Shoalhaven (S) respectively 
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5.3.2 Comparison of the sampled estuaries 
No major differences were expected in the physico-chemical properties between the 
sampled estuaries as both are located close-by within the same geographical area as discussed in 
Chapter 3. The only difference found between the estuaries physical behaviour was the 
occasional presence of a salt-wedge in the Clyde River but only after large rain events. As 
shown for the two main oyster cultivation grounds in the sampling estuaries, water temperature 
and salinity varied over the same range in both estuaries (Figure 5-19 ). Table 5-2, however, 
shows that the mean temperature in the Shoalhaven is 1.0°C higher than in the Clyde, more than 
expected from their geographic locations. Mean salinity in the Shoalhaven was also 2.6ppt 
higher than that in the Clyde due to sampling locations being further upstream in the Clyde. 
The seston and some of the nutrients differ between the sampling estuaries. Nutrients were 
expected to differ in the two estuaries because of the different levels of development in the 
catchments. The mean FRP-P in the Shoalhaven is almost 4 times that in the Clyde (Table 5-3) 
and the TSM and POM dropped to very low levels in winter in the Clyde (Figure 5-19). 
Dissolved inorganic and total phosphorus and total nitrogen were higher overall in the 
Shoalhaven than in the Clyde River. These differences are reflected in small differences in the 
chlorophyll- levels that might influence oyster growth as it is discussed in Chapter 6 and 8. In 
the absence of rain, dissolved inorganic nitrogen levels were similar in both estuaries. 
Downstream positive gradients in all nutrients in the Shoalhaven indicate upstream sources. In 
the Clyde similar gradients exist except for FRP-P and TSM which are positive upstream. This 
may suggest resuspension of benthic material near the estuary mouth or an oceanic source. 
The estuaries differ dramatically in the gross measure of seston, TSM concentration. The 
mean value in the Shoalhaven (Table 5-3) was 30% larger than that in the Clyde. The POM in 
the Shoalhaven, however, was only 14% higher than in the Clyde. Non-the-less, these gross 
differences in seston might be expected to result in slightly faster oyster growth rates in the 
Shoalhaven due to a wider food source selection. Both estuaries behave in similar ways after 
rain events. Suspended matter and nutrient levels increased dramatically 2-3 days after the rain 
event. These conditions produced increments of chlorophyll-a after a lag of approximately 14 
days.  
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Figure 5-19: Time series of physical and chemical parameters for two harvesting 
grounds: Clyde-2 (Moonlight, blue lines) and Shoal-5 (Berry, red lines) 
 Note: Moonlight sampling site was the oceanic site in the Clyde R while Berry 
sampling site was further upstream in the Shoalhaven River (~5km) 
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5.3.3 Relationships between environmental variables in the 
Clyde River 
The correlation coefficients and the probabilities associated with these correlations for the 
water quality parameters sampled in the Clyde River are presented in. Some of the parameters 
that do not show a significant direct correlation, are, in fact, correlated when a time lag is 
applied. These parameters have, on average, very low levels although they increase following an 
average event rainfall. The lag varies according to the variable, as explained in the next section. 
This section focuses on data collected from the Clyde River only as the data set for the 
Shoalhaven is much smaller and correlations would be weaker. 
Higher correlations occurred between the different forms of each individual element, as 
would be expected because the dissolved component is a proportion of the total nutrient (e.g. 
TOC and DOC or TN and TDN) except for dissolved nitrogen and phosphorus. Dissolved 
inorganic forms of nitrogen and phosphorus in the Clyde River were not significantly correlated 
to the particulate or total forms of these elements, especially under dry conditions. Although 
slightly higher correlations were found during the days after a rain event, no consistent pattern 
has been identified for each rain event. The highest positive correlations occurred between each 
of TOC, POC, TN, TDN with DSi with Pearson coefficients over 0.65. All of these were highly 
negatively correlated to salinity. Moreover, TP and TDP were also significantly correlated to all 
the carbon and nitrogen components but with smaller correlation coefficients (Pearson 
coefficient: 0.6-0.55). Suspended matter concentrations were negatively correlated to TN and 
TDN suggesting different sources for these materials. TSM was also highly positively correlated 
to POM. Phaeopigments were significantly correlated to Chl-a and the Phaeo:Chl-a ratio was 
also correlated to NOx. Ammonia levels, as expected, were only correlated to TDN but not to 
TN. 
In the physico-chemical variables, pH was significantly positively correlated with 
dissolved oxygen, NOx and FRP-P but negatively correlated to temperature. Salinity was 
significantly positively correlated to the POM:TSM ratio. Rain events with subsequent low 
levels of salinity boosted the levels of TSM, which were primarily inorganic.  
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Table 5-14: Correlation matrix for physico-chemical and nutrient variables sampled in the Clyde R. average over all sampling locations  
Rows (Top) Pearson coefficient; (Bottom) Probability of significant correlation: light grey P<0.05; dark grey P<0.001. Bold represent 
Pearson coeff >0.5 
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5.3.4 Rainfall events in the Clyde River  
Large rainfall events generate large flows, which deliver terrestrial material to the estuary, 
as well as having dramatic impacts on the estuarine hydrology and flushing times. Terrestrially 
derived sediment entering an estuary affects the system in several ways. Increased suspended 
matter in the water column reduces light penetration and therefore, decreases primary 
production. Run-off brings not only nutrients into the estuary but also terrestrially derived 
sediments that affect the quantity and quality of the seston, which can be food source for filter 
feeder organisms. For instance, POM levels in the Clyde R. were similar to those in Brisbane 
Waters (Paterson et al., 2003a) but the amount of inorganic material brought into the Clyde was 
double that for some of the locations in Brisbane Waters. This inorganic matter diluted the 
organic matter in the seston reducing the quality of this food source. 
The following run-off events were selected for detailed analysis: Jan 2004 (500 ML/day); 
Apr 2004 and Oct 2004 (9000 ML/day each); Dec 2004 (8000 and 6000 ML/day); Mar 2005 
(10000 ML/day); Jul 2005 (55000 ML/day) and Nov 2005 (22000 ML/day).  
The typical pattern of rainfall effects on nutrients in the Clyde River is as follows. One day 
after the peak discharge concentrations of NOx, TN, TDN, TP, TOC, POC & DOC increased 
dramatically. Peaks in TDP and FRP-P followed this some days later. Finally two weeks after 
the peak discharge peaks in Chl-a and DSi occur. One day after a rain event, the levels of 
suspended matter also increased dramatically as a result of sediment run-off. Sediment 
concentrations varied according to the intensity and frequency of the rain events. Most of the 
suspended run-off load is inorganic and sinks within a week after the event.   
While the river system shows high levels of variability, some general patterns can be seen 
in Figure 5-20 and Figure 5-22. Although the scale of the rain event is important for some 
parameters such as salinity and NOx, this does not seem to be the case for Chl-a. Chlorophyll-a 
appears to respond mainly to rain events followed by long periods of low rainfall and but the 
response is in general independent of the rainfall magnitude. This might be a consequence of 
time required for nutrient accumulation in the catchment. The longer the dry period between 
rainfall events the larger nutrient delivery and therefore, higher values of Chl-a. 
Numerous studies have found a strong relationship between both stream flow and rainfall, 
and nutrients delivered into estuaries (Eyre and Twigg, 1997; Rask et al., 1999). In this research 
similar relationships have also been found, especially for some forms of nutrients. Peaks in DIN 
concentrations were associated with pulses of freshwater after rain events. Nitrogen 
concentrations are highest at the furthest upstream location in all the rain events, showing that 
the main source of this nutrient is from the river discharging from the upper catchment. 
Inorganic dissolved nitrogen levels peaked within 2-3 days of the event. Increased NOx resulted 
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in high levels of chlorophyll-a with a time lag of 14 days on average but ranging from 5 to 25 
days for, 10 rainfall events. 
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Figure 5-20: Time series of Clyde averaged concentrations at all estuarine sites for salinity, chlorophyll-a, nitrogen oxide, flow and total rainfall 
Note: Grey boxes show major rain events. Event in discontinuous box detailed in Figure 5-21 
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Figure 5-21: Temporal variation and corresponding lags for NOx and Chl-a across all 
sites in the Clyde River for the October 2004 rain event. Grey bars show 
peaks in rainfall, flow, NOx and Chl-a 
 
The NOx responses after a rain event appeared to exhibit an exponential decay. To estimate 
the e-folding time scale the data following each event were combined. This was achieved by 
normalizing the NOx for each rain event by the peak value following each rain event. Figure 
5-22 shows the relationship between the logarithm of NOx and the number of days following an 
event (Log (NOx)=0.048-0.089days; R2=0.89). This best-fit regression translates into an e-
folding time scale of approximately 11 days. This means that a NOx concentration will drop to 
approximately 1/3 of its value in 11 days. A comparison of the upstream and downstream 
locations showed slightly faster NOx decay at the downstream locations, although these 
differences were not statistically significant (Regression analysis, T=-0.98, P=0.331). This 
suggests that flushing does not control NOx depletion Rather, an alternative explanation is that 
the depletion is controlled by phytoplankton uptake. Chl-a decays could not be calculated using 
the NOx approach, as Chl-a patterns did not always follow an exponential decay. Instead, the 
number of days for decay was calculated manually from the plots. Chl-a decays took on average 
20 days to drop to average values from the Chl-a peak following the rain event. 
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Figure 5-22: Regression fitted line to the relationship between natural logarithm of 
normalised NOx concentration and days since rainfall for the decay period 
after 5 major rain events. Log (NOx) = 0.048-0.089 days 
Note: Data used for the rain events: Apr-04; Oct/Nov-04; Dec-05; Jul-05; 
and Nov-05 
 
Nutrient patterns along the salinity gradient for the four rain events showed that none of 
the nutrients exhibited a strong linear distribution for all events. However, NOx, DSi and DOC 
varied similarly along the salinity gradient. These nutrients also had higher concentrations 
towards the upstream, fresher sites. In contrast to this, TSM and PO4, for some events only, 
increased slightly towards the sea end-member suggesting a similar source, possibly 
resuspension of benthic material. For instance, particulate nitrogen and phosphorus showed no 
variation along the salinity gradient for any of the rain events but concentrations levels 
increased as a result of the event. NOx concentrations accounted for more than 50% of the TN 
concentrations while PO4- concentrations accounted for only a third of the TP concentrations. 
These high levels of dissolved nitrogen indicate that the system appears to be a phosphorus-
limited system (Figure 5-23). 
5.3.5 Nutrient limitations 
Specific forms of some elements such as nitrogen (N), phosphorus (P) and silica (Si) have 
been described as limiting elements as they can constrain algal growth and accumulation in 
aquatic systems (Harris, 1986). As mentioned in the previous section, dissolved inorganic 
nutrient levels were extremely low in general for both estuaries. Marine phytoplankton biomass 
have a N:P molar ratio of 16:1 (Redfield, 1958), implying that departures in the concentrations 
of either of these elemental nutrients from the N:P ratio of 16:1 may restrain phytoplankton 
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growth. Strong relationships have been found between rainfall and high N:P ratio levels in both 
estuaries (Figure 5-23). During dry periods, N:P ratios are below 16:1, showing that nitrogen is 
limiting despite the low levels of FRP-P in the Clyde R. Despite the phosphorus levels in the 
Shoalhaven being slightly higher than in the Clyde, higher levels of N:P molar ratio only occur 
at certain times of the year and at certain growing locations. Overall, N:P ratios in the 
Shoalhaven were low except when it rains. Nitrogen is still a limiting factor in the Shoalhaven 
for phytoplankton growth, especially for the locations Shoal-1, the oceanic site; Shoal-4, the 
grow-out area and Shoal-5, the finishing-off ground.  
Marine bivalves appear to require an even higher N:P ratio than 58:1 for optimal growth 
(Vink & Atkinson, 1985). However it is not clear if this ratio results from food uptake with a 
N:P ratio of 58:1 or as a metabolic process inside of the organism from uptake of dissolved 
inorganic nutrients converted into internal organic matter. These higher N:P ratios are only 
reached following a major rainfall event (>50mm). 
 
Site 
Figure 5-23: Contour plot of the N:P atomic ratio for dissolved inorganic nutrients in the 
Clyde R. showing the N:P ratios required for marine phytoplankton and 
mollusc optimum growth. Black bars showing total rainfall (mm) 
Note: Contour lines for N:P <16:1 (white sections); for 16:1 <N:P < 58:1 (light 
grey); and for N:P > 58:1: (dark grey) 
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5.4 Discussion and Conclusions 
One of the prime objectives of this work (Chapter 1, Section 1.6) was to determine the 
spatial distribution and dynamics of seston and water quality in the Clyde and 
Crookhaven/Shoalhaven R. estuaries. This chapter reported measurements of the temporal and 
spatial variation of physico-chemical, nutrient and seston parameters in both the Clyde and 
Shoalhaven estuaries over the study period. The Clyde was sampled more intensively than the 
Shoalhaven and as a consequence, findings for the Clyde are more robust than the Shoalhaven 
River. The main forcing mechanisms acting in the sampled estuaries change more on a seasonal 
level than on a location level although the Clyde River was more influenced by seasonal 
differences and the Shoalhaven by spatial variations within the estuary. In addition, during large 
rain events, especially after long periods of low flow (drought), the estuary is driven by fluvial 
discharge. Under these conditions, the Clyde R. remains stratified during heavy rainfall due to 
the presence of a buoyant freshwater plume. This stratification breaks down fairly rapidly due to 
the action of tidal currents. Vertical homogeneous brackish conditions are achieved after 3-7 
weeks depending on the scale of the event and the flow regime prior to the event. Seasonal 
and/or discharge variations were overall the main driving factors in both studied estuaries.  
Australian estuaries are characterized by a distinctive intra-annual variation in daily run-
off, resulting in a wide range of estuarine flushing times, compared with typical systems in 
North America and Western Europe (Eyre, 1998). Nutrient retention in estuaries depends on the 
scale of the residence time and/or the tidal prism relative to the volume of the system. Most 
temperate estuaries appear to have a large nutrient retention (>75% by (Nixon et al., 1996)), 
however exceptions have also been reported (review in (McKee et al., 2000). 
Seston results showed that the major particulate carbon source originates from upstream 
locations. However results from the mouth of the Clyde suggest an additional source. Chl-a 
levels are generally higher in upstream sites also. These high levels appear to be a consequence 
of upper catchment inflow of nitrogen after rain events or possibly the lower density of 
cultivated oysters in these areas of the estuary. These alternatives will be explored in Chapter 8 
of this thesis. DSi was also higher at the upstream locations, consistent with the expected 
terrestrial source. DSi is a requirement for phytoplankton species in particular among the 
Chrysophyte genera and diatoms in particular, due to their silicon in their cell walls. 
Consequently high levels of DSi promote diatom growth (Reynolds, 1984; Harris, 1986). High 
DSi and high organic carbon levels at the upstream locations may reflect the overall higher 
levels of Chl-a found in these locations.  
Distinctive high levels of dissolved inorganic phosphate (FRP-P) and TSM have been 
observed in the sea end-member of the Clyde R estuary during rain events. These conditions 
have also been recorded occasionally in the Shoalhaven. This suggests that there is potentially a 
source of phosphorus and suspended material for the Clyde R., at its mouth. This has also been 
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found in other temperate systems such as in Chesapeake Bay (Boynton et al., 1995). Retention 
of phosphorus could also be attributed to geochemical processes related to the flocculation 
(particle aggregation) of colloids (Thornton, 2002). It has been found that a typical salinity level 
of less than 6ppt enhances the flocculation process (Baird, 2001). This process is important as it 
controls the packing and transport of suspended material in the ocean and it plays and important 
role in the energy flow to benthic organisms and in the overall cycling of nutrients in the water 
column (Cranford et al., 2005). In addition, the major source of the organic form of phosphorus 
seems to be in the midstream. Clyde-5, the mid-stream site, had higher levels of particulate 
phosphorus at certain times. 
Primary production in the sampled estuaries was potentially nitrogen-limited during dry 
periods while phosphorus was the limiting factor during and following periods of rain events. 
This was illustrated by the N:P ratios in Figure 5-23 for the Clyde River. Annual average Chl-a 
concentrations for 2003 differed from 2004 and 2005 as a consequence of the lower rainfall 
levels recorded during 2003. During winter the values of nutrients in general, and TSM were 
low in the Clyde R. Despite the low turbidity levels, and therefore the higher light penetration 
through the water column, levels of Chl-a, Phaeo and Chl-a:Phaeo ratios were low compared 
with those recorded in the warm seasons, probably due to the low levels of dissolved inorganic 
nutrients. In contrast, most of the nutrient levels in the Shoalhaven were high during winter but 
Chl-a was still low. Low water temperature might constrain phytoplankton growth. 
The overall water quality characteristics of the Clyde and Shoalhaven Rivers were 
consistent with the level of development in their catchments. TSM, POM and phosphorous were 
higher in the Shoalhaven than in the Clyde, although nitrogen species were generally similar. 
These combined with the higher mean temperature and higher winter nutrient levels (based on 
one winter season) in the Shoalhaven suggest that oyster growth rates in the Shoalhaven may be 
higher than in the Clyde.   
Nutrient levels in the sampled estuaries varied more significantly on a seasonal scale than 
on a spatial scale within estuaries. Between estuaries, differences in the degree of catchment 
development were important for mean concentrations of seston and P nutrients. As in other 
temperate estuaries, the Shoalhaven and Clyde Rivers receive large amounts of nutrients after 
rain events, which enhances primary production. In general, nutrient concentrations varied 
within typical levels for temperate estuaries except for dissolved inorganic phosphorus in the 
relatively pristine Clyde River, which was up to 3-10 times lower than other NSW estuaries. 
The resulting effect of low nutrients on oyster growth will be discussed in the following chapter. 
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Chapter 6: Spatial and Temporal Variations in 
Sydney Rock Oyster Growth and Mortality  
 
This chapter reports the measured temporal dependences of growth, survival and condition 
index of Sydney rock oysters on their location in the study estuaries and on oyster age. Oyster 
growth and survival were assessed from seasonal variations over two years at five locations 
within the Clyde River estuary. In addition, the effect of age-dependence and stocking densities 
on SRO growth was compared for the two different estuaries, the Clyde R. and Shoalhaven 
Rivers. An oyster biomass Production Index (PI) was calculated using both growth and survival 
values. This easily-calculated quantity provides a convenient way of characterising and 
comparing oyster performance at different sites. 
The results from this chapter, in addition to measurements of water quality and 
environmental parameters (results from Chapter 5) and SRO diet preferences (results from 
Chapter 7), contribute towards the general aim of determining the relevant characteristics of 
sites for oyster production. 
Information on the design of the experiments performed in this chapter, the equations used 
for allometric analysis, the von Bertalanffy model proposed to assess oyster growth, mortality 
rates and, the proposed oyster biomass production index (PI) is given in Chapter 4 (section 
4.3.1.2).  
6.1 Sydney rock oyster growth  
In each estuary there is an area suitable for wild oyster spat collection based on salinity 
levels and currents. Similarly, growers have found different areas within an estuary appear to 
have certain characteristics that enhance oyster performance at different stages of production. A 
series of ‘growth-experiments’ was performed with the aim of assessing oyster growth at 
different locations the Clyde R.  
6.1.1 Spatial variability of average growth 
Over the almost 2.5 years of growth measurements, stick SRO increased in total weight 
(TW) on average by 31g at a rate of 13.2g/year. For the first year these oysters grew at an 
average of 1.13g/month and for the second year they grew at 1.07g/month. The TW of the 
single seed SRO increased, on average by 28g at a rate of 11.4g/year. For these oysters the 
growth rates in the first and second years were 0.86g/month and 1.04g/month, respectively. 
Based on these results, it would take between 3.8 and 4.3yr for an oyster in the Clyde R. to 
reach marketable Plate size of approx 50g.  
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Average growth rates for stick oysters were found to be significantly different between 
locations within the Clyde R (Kruskal-Wallis, H=41.59; df=4; P<0.001). No significant 
differences were found for single seed oysters across all locations (Figure 6-1). Stick oysters 
from the oceanic sites Clyde-2 and Clyde-3 grew more than any of the oysters at other locations 
further upstream, especially when compared to Clyde-5. Dunn’s test (Table 6-1) showed 6 and 4 
standard deviation units separating Clyde-2 and Clyde-3 from Clyde-5, respectively. Both types 
of oysters from the two downstream locations grew at faster rates than those from the other 
three locations at the mid- and upstream. This was also supported by the TW and shell size 
measurements made at the different sites (Figure 6-2). Variability in the average growth rate 
was greater for stick than for single seed oysters, especially in stick oysters from the two 
oceanic locations. This large variability could not be analysed using parametric techniques so 
non-parametric analysis, such as the Kruskal-Wallis test followed by the post-comparison 
Dunn’s test (Table 6-1), was used instead.  
 
Figure 6-1: Boxplot of average growth rate (ARG, day-1) for single seed and stick Sydney 
rock oysters at five locations in the Clyde R for the period July 2003 to 
August 2005 
Note: ARG equation [4-2] in Chapter 4 
 
Site: 
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Table 6-1: Non-parametric tests of growth rates for significant differences between 
locations in the Clyde River for oysters from two cultivation types. Post-
comparisons for locations that are significantly different are shown only.  
 
Kruskal-Wallis     
  N H df P 
Single seed oysters By location 66 8.33 4 ns 
Stick oysters By location 157 41.59 4 *** 
     
Dunn’s test     
  Abs Diff st. dev Diff / st. dev  
Stick oysters per location (*)     
Clyde-2 vs Clyde-5 63.6 10.42 6.10  
Clyde-3 vs Clyde-5 39.9 10.08 3.95  
Abs Diff, is the difference of the mean ranks for each location; df, are the 
degrees of freedom; st. dev is the standard deviation; H, is the Kruskal-
Wallis test-statistic; P is the p-value.  
(***) = P<0.001 
 
 
Both cultivation classes of oyster showed significantly larger TW and shell dimensions at 
Clyde-2 compared to those in the other locations (Figure 6-2). Weight values increased 
dramatically in Clyde-2 four months after the start of the growth-experiment. For stick oysters 
the second best growth performance, in terms of TW, SL and ST was at Clyde-8, despite it 
being the most upstream location where little oyster cultivation occurs. Oyster performance at 
Clyde-8 was particularly good during the first year, often showing the best shell length growth 
of all locations; performance became poorer during the second year. While stick oysters 
performed well at Clyde-8, the single seed oysters there showed the poorest TW performance. 
Although oysters at Clyde-3 showed good weight increments, they consistently showed the 
lowest SL. In general, the poorest performing oysters were from Clyde-5, in Mogo creek. This 
creek had oyster densities and the flow and flushing were significantly lowered by the stocking 
densities in this creek (information on the flushing of the creek was included in section 5.2.7 
and effect of stocking densities is described in this chapter in section 6.1.6). Between the best 
and wost performing locations, there were considerable differences in the final weights and shell 
characteristics. After 2 years, oysters from Clyde-2 with the best performance were on average 
approximately 10g or 30% heavier and 5mm or 5% larger than oysters from the worst (Clyde-5) 
performing locations (Figure 6-2). This experiment only involved growth measurements based 
on total weight and shell dimensions as there was no destructive sampling to determine 
condition indices (CI) of the oysters. 
At the end of the two years of the ‘growth-experiment’, considerable variability was found 
in oyster weights across all locations for both stick and single seed oysters (Figure 6-3 and 
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Figure 6-4). The final weight distribution was positively skewed for both types of cultivations, 
particularly, for stick oysters. Stick oysters had a mean growth rate over the two-year period of 
1.1g/month and a modal growth rate of 0.8g/month corresponding to an oyster weight of 32g 
after two years. Approximately 8% of the pooled stick oysters were found to have a final weight 
less than 30g, referred to as ‘runts’, while 38% had weights larger than the mean. Single seed 
oysters had similar mean and modal growth rates over the two years (0.95±0.23g/month) with a 
range of values from 0.8 to 1.12g/month. This group had more variability in the initial oyster 
weights than their stick oysters. 
By examining the weight distribution by each location, it was found that different sites 
contributed differently to the total weight distribution (Figure 6-3 and Figure 6-4). The 
downstream sites seemed to produce the largest oysters for stick or single seed oysters. Some 
stick oysters from Clyde-2 and Clyde-3 reached final weight exceeding 45g. Stick oysters from 
the other sites did not reach this final weight. The greatest contribution to larger size oysters 
came from the oceanic site Clyde-2. Clyde-3 also contributed to the slowest growing oysters 
making this the site with the largest final weight range. Although the sample size was 
considerably smaller, the single seed oysters, which were larger at the start of the experiment, 
also showed spatial patterns broadly consistent with those recorded for the stick oysters. Oysters 
from Clyde-2 and Clyde-3 again produced the largest oysters in the >60g rank. Single seed 
oysters for all the growing locations, except for Clyde-8, showed that the largest number of 
oysters reached the mean growth rate rank that corresponded to about 50g (Figure 6-4).  
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Figure 6-2: Shell morphometrics and total weight of stick and single seed SRO at five 
locations in the Clyde R. Black dashed line shows the average of all sites. Error bars show 
standard deviations. Winter seasons are highlighted (dashed boxes)
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Figure 6-3: Histogram of pooled total weight (g) of stick oyster and break down by 
locations at the end of the 2 years of the ‘growth-experiment’ (N=300 at the 
start of the experiment, initial weight = 13±0.5g) 
 
Figure 6-4: Histogram of pooled total weight (g) of single seed oysters and break down 
by locations at the end of the 2 years of the ‘growth-experiment’. (N=100 at 
the start of the experiment, initial weight=23.6±4g; shell length=65±0.6mm) 
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6.1.2 Seasonal variability of average growth 
Rates of growth in terms of weight and shell dimensions varied between seasons and 
between years. The strongest seasonal effect was during the winter seasons when, in general, the 
oysters grew more slowly. This was not seen over the winter of 2005 as seasonal increments 
remained relatively constant over the second part of the experiment apart from shell length, 
which showed a sharp increase during this winter (Figure 6-2 and Figure 6-5). During the 
warmer seasons, in particular for summer, growth increments were generally larger for shell 
thickness, width and total weight. For the first two years, seasonal weight increments followed a 
similar pattern but at different rates. In both spring and summer, weight increments were larger 
than in winter and autumn. During winter, SRO growth rate was the smallest. Some similarities 
in patterns occurred in width and thickness increments. Shell length showed the most variability 
with little seasonal consistency, this appears due to the fragility of the shell lip or ‘frill’.   
Intra-annual differences were also apparent. During the first year there were large seasonal 
differences, with largest increments during summer and lowest during winter, with the 
exception of shell length (Figure 6-5). Most of the growth in weight, width and thickness was 
relatively constant and lower during the second year of the study than in the first.  
 
Figure 6-5: Mean percentage seasonal increases of growth in weight and shell 
dimensions: shell length, width and thickness for SRO cultivated in the 
Clyde R. over the period July 2003 to December 2005 
W- winter; Sp- Spring; Au- autumn; S- summer; -03;-04;-05 corresponds to the 
different years 2003, 2004 and 2005 
  
A.Rubio Chapter 6 Page 142 
6.1.3 Size-dependence as a proxy to age-classes 
6.1.3.1 Growth by size classes 
Four size groupings of SRO, corresponding to the typical sizes for each of the four years of 
the production cycle in most southern NSW estuaries, were selected to monitor their growth 
rates at one of the reputed best production areas in the Clyde (Clyde-2) and Shoalhaven (Shoal-
5) Rivers. Information on the oysters used and the design of this experiment has been described 
in Chapter 4, section 4.3.2. Growth was assessed in terms of total weight, shell dimensions and 
condition index (CI) of oysters cultivated on trays (see methods- Chapter 4) 
Table 6-2: Mean initial (Nov 2004) and final (Dec 2005) total weights (g) and shell lengths 
(mm) ± SE of SRO for each size class and estuary, with change of weight and 
length, and number of survivors over the sampling period given as a 
percentage 
 
Size- 
Class 
Estuary Nov-04   Dec-05  Δ Wt Δ L % 
Survivors 
 Weight 
(g) 
Length 
(mm) 
 Weight 
(g) 
Length 
(mm) 
(g) (mm)  
1 Clyde 4.2 ± 0.2 37.1 ± 0.9  22.6 ± 1.4 60.2 ± 1.7 18.4 23.1 96.7 
2 Clyde 13.1 ± 0.3 53.7 ± 1  28.9 ± 2.7 61.1 ± 2.2 15.1 7.4 85.7 
3 Clyde 27.3 ± 1 60.4 ± 1.1  42.6 ± 2.4 71.1 ± 3.3 16.3 10.7 81.6 
4 Clyde 34.2 ± 1 71 ± 1  52.3 ± 2.7 76.2 ± 2.7 18.1 5.2 90.5 
          
1 Shoalhaven 4.8 ± 0.2 38.4 ± 1.3  25.3 ± 1.8 61 ± 2 20.5 22.6 95.6 
2 Shoalhaven 17.8 ± 0.5 57.3 ± 2.4  36.5 ± 2.4 65.1 ± 2.8 18.7 7.8 82.7 
3 Shoalhaven 30.8 ± 0.7 65.2 ± 2.6  47.5 ± 2.1 68.9 ± 2.7 16.8 3.6 79.8 
4 Shoalhaven 40 ± 1.1 71.6 ± 1.9  60.8 ± 2.7 76.4 ± 3.4 20.8 4.7 85.8 
 
Initial size for the different classes was chosen based on weight increments for the first 
year of the ‘growth-experiment’ (from section 6.1.1). While the four size-classes were chosen in 
order to represent each year of the oyster production cycle, oyster growth rate was such that all 
classes exceeded the expected growth rate obtained in the ‘growth-experiment’ reaching the 
initial size of the following size-class after only 6-7 months (Figure 6-6 and Figure 6-7). Size-
class data cannot be simply joined together to give an estimate of four years of growth, as the 
final weight of one size-class was larger than the initial weight of the following size-class.  
The mean TW and SL for each size-class in the two estuaries one month after the start of 
the experiment (Nov 2004) and at the end of the study (Dec 2005) were calculated for the 
oysters that survived during this period (Table 6-2). In general growth rates at both sites and for 
all oyster classes were higher than for the ‘growth-experiment’. Size-class 1 oysters, in both 
estuaries, grew faster in terms of both total weight and shell length, than any of the other size-
classes (Table 6-2). For the other size-classes the length increment was significantly smaller. 
Overall, growth performance was better in the Shoalhaven than in the Clyde by on average 13% 
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with additional increases in weight between 0.5 to 3.6g over the year (Table 6-2 and Figure 
6-6). 
Results from size-class 1 are particularly pertinent as the oysters for both the Clyde and 
Shoalhaven Rivers came from the same broodstock and batch. Growth at the two sites followed 
very similar trajectories until May 2005 when the rate of growth in the Shoalhaven oysters 
increased over that of the Clyde oysters, increasing their body mass by 2.7g (Figure 6-6).  
As can be seen from Figure 6-6 and Figure 6-1, weight and shell length slowed during the 
early months of winter 2005, although total weights continued to increase steadily over this 
period with weights in the Shoalhaven increasing faster than in the Clyde over winter. Some of 
the shell length measurements showed a slight reduction at certain sampling dates. Even though 
care was taken, this was probably a consequence of losing the thin ‘frill’ growth through scratch 
from wave-action or through handling and high-pressure washing.  
 
Figure 6-6: Mean total weights (g) of four size classes of SRO cultivated in the Clyde (C, 
continuous line) and Shoalhaven (S, dashed line) Rivers for the period Nov-
2004 to Dec-2005 
Error bars were removed from the plot for clarity. Initial and final mean ± 
standard deviations are listed in Table 6-2 
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Figure 6-7: Mean total shell lengths (mm) of four size classes of SRO cultivated in the 
Clyde (C, continuous line) and Shoalhaven (S, dashed line) Rivers for the 
period Nov-2004 to Dec-2005. 
Error bars were removed from the plot for clarity. Initial and final mean ± 
standard deviations were presented in Table 6-2 
6.1.3.2 Changes in shell growth 
Shell performance (Table 6-2), is also an important factor in oyster production as the 
marketable value of oysters is determined by both the final weight and shell shape. 
Relationships between shell dimensions for each size class were analysed (Figure 6-8) and 
significant differences were found (Table 6-3). The slope of the regression lines for each of the 
size-classes were clearly different from zero (see P-values for regression analysis in Table 6-3) 
except for the gradient of Δ Thickness / Δ Length for the two larger size classes in both 
estuaries. Similarly but not at a significant level, the gradient of the width increment to the 
length increment (Δ Width / Δ Length) for the size-class 3 and 4 in the Clyde R. was lower 
compared to the other size- classes. Increments of shell thickness with shell length were also 
very small for size-class 2 oysters in the Shoalhaven R. (P=0.05).  
Only oysters from the Shoalhaven R. increased shell width with increased shell length 
increments throughout the four oyster size classes. Clyde oysters diverted less energy into 
increasing shell width in the 3rd and 4th years of production. Overall, oysters in both estuaries 
diverted little energy towards shell thickness, especially for the last two size-classes. Most of 
the shell thickness in the Shoalhaven occurred during the first year of production.  
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Similarly gradients for Δ Width / Δ Length and Δ Thickness / Δ Length were found for the 
oysters from the ‘growth-experiment’ and compared to those from the ‘size-class experiment’. 
Gradients varied between stick and single seed oysters (Table 6-3). Values of Δ Width / Δ 
Length for stick and single seed ‘growth-experiment’ were consistent with coefficients for the 
size-classes 1 and 2, to which they correspond based on their weights. However, values for the 
gradient of Δ Thickness / Δ Length only corresponded to the size-class 1. 
 
Table 6-3: Slope coefficients (b) of the linear regression equations of shell width (mm) 
and thickness (mm) against shell length (mm) for four-size class oysters in 
the Clyde R. (N=179) and Shoalhaven R. (N=219), and for the stick and 
single seed oyster from the ‘growth-experiment’ 
 Size-class Clyde R.  Shoalhaven R. 
  b r  b r 
Δ Width / Δ Length 1 0.708 0.8 ***  0.72 0.87 *** 
 2 0.53 0.56 ***  0.57 0.62 *** 
 3 0.15 0.2 **  0.45 0.5 *** 
 4 0.16 0.18*  0.26 0.3 *** 
       
 Stick 0.58 0.6 ***    
 Single seed 0.69 0.4 **    
       
Δ Thick / Δ Length 1 0.22 0.68 ***  0.19 0.75 *** 
 2 0.09 0.22 ***  0.05 0.14 * 
 3 0.02 0.0 ns  0.01 0.04 ns 
 4 0.03 0.0 ns  0.01 0.03 ns 
       
 Stick 0.19 0.4 **    
 Single seed 0.29 0.31 **    
r= correlation coefficient 
 *** P<0.001; ** P<0.01; * P<0.05 ; ns= not significant 
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Figure 6-8: Regression lines of the relationship between shell shape dimensions for the 
four-size classes in the Clyde R. and Shoalhaven R. Slope and correlation 
coefficients of the regression lines shown in Table 6-3 
  
A.Rubio Chapter 6 Page 147 
 
In some oyster breeding programs and in some oyster industries in Australia, such as 
Pacific oysters in Tasmania, desired oyster characteristics are based on shell dimension ratios 
such as length:width:thickness ratios. For single seed oysters, the so-called ‘regular’ oyster 
follows the shape 3:2:1 ratio (Shellfish Culture Ptd Lty, Tasmania, pers. comm., 2004). In this 
study shell length:width:thickness ratios were calculated for different weight classes based on 
shell relationships from Table 6-3 and Figure 6-8 and for both cultivation types of oysters from 
the ‘growth-experiment’. Using this ratio, changes in the oyster shell shape at different times of 
the oyster’s development were assessed (Table 6-4). In general, shell dimension ratios for the 
small size classes were larger than for the large size classes. In the Shoalhaven R. the shell 
ratios decreased as oysters increased in body size. In the Clyde R. ratios fluctuated more, 
especially for the shell length:thickness ratio. Stick and single seed oysters in the Clyde R. 
showed similar shell ratios despite coming from two different cultivation techniques, which 
generate oysters with different shell shapes. The single seed oysters in the Clyde R were closest 
to the ‘desired’ 3:2:1 ratio. Most of the oyster size-classes from the Shoalhaven R. also had a 
ratio close to the ‘desired’ 3:2:1 ratio.  
Table 6-4: Shell length:width:thickness ratio for different size classes in the Clyde and 
Shoalhaven R, and for data from the ‘growth-experiment’ 
 
 Shell Length:width:thickness 
Size-class Clyde R. Shoalhaven R.  
0-10g 3.6 : 2.6 : 1 3.2 : 2.3 : 1 
10-20g 3.6 : 2.7 : 1 3.4 : 2.5 : 1 
20-30g 3.1 : 2.4 : 1 3.2 : 2.4 : 1 
30-40g 3.1 : 2.2 : 1 3.1 : 2.3 : 1 
40-50g 3.5 : 2.3 : 1 3.0 : 2.3 : 1 
>50g 3.2 : 2.3 : 1 3.1 : 2.3 : 1 
   
40-50g (Stick) 2.8 : 2.1 :1  
40-50g (Single seed) 2.9 : 2.2 :1  
6.1.3.3 Allometric relationships 
As demonstrated above, oysters exhibit progressive changes in shell dimensions with 
increasing body size. Allometric equations between any two morphometric variables (equation 
[4-1]), such as shell dimensions and/or weight, describe the relationship between these variables 
without having to use/know the age of the animal. Oysters in the Clyde and Shoalhaven Rivers 
showed very similar allometric relationships (Figure 6-10). Relations between shell volume and 
total weight or total weight and shell weight, as expected, were better fitted with a simple linear 
relation: 
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 bXa +=γ         [6-1] 
 
Figure 6-10 shows that oysters in the Shoalhaven R. reached larger weight and shell 
dimensions than those in the Clyde. Variability was higher for the Clyde oysters, especially for 
the relationship between dry weight (DW) to total weight (TW). The intercept and slope of the 
allometric equations is listed in Table 6-5. All the regression lines fitted the raw data with high 
correlation coefficient values (r > 0.8, Table 6-5). Slope coefficients were less than unity, 
indicating that the X parameter in the relationship increased relatively faster than the Y 
parameter. Allometric curves using the allometric coefficients (Table 6-5) are shown in Figure 
6-11. 
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Figure 6-9: Allometric relationships of the shell dimensions and weight from four size 
classes of SRO from the Shoalhaven and Clyde Rivers (I). The legend for colured 
points as in Figure 6-8 
 Allometric and correlation coefficients shown in Table 6-5 
Volume = length x width x thickness (mm3) 
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Figure 6-10: Allometric relationships of shell dimensions and weight from four-size class 
of SRO from the Clyde R. and Shoalhaven R.  
Allometric and correlation coefficients shown in Table 6-5 
 Volume= length x width x thickness (mm3)  
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Table 6-5: Allometric coefficients for weight and shell dimensions Y = a Xb (equation 
[4.1]) or Y = a +bX (equation [6.1]) for SRO cultivated in the Clyde R. 
(N=803) and Shoalhaven R. (N=876) for the combined four size-class oysters 
Y X Estuary a b Relationship R2 
Length (mm) Total weight (g) Clyde 25.79 0.26 power 0.9 *** 
  Shoalhaven 24.77 0.28 power 0.91 *** 
       
Width (mm) Total weight (g) Clyde 21.52 0.22 power 0.82 *** 
  Shoalhaven 16.96 0.3 power 0.88 *** 
       
Thickness (mm) Total weight (g) Clyde 6.49 0.33 power 0.86 *** 
  Shoalhaven 6.95 0.31 power 0.87 *** 
       
Dry weight (g) Total weight (g) Clyde 0.03 0.03 linear 0.8 *** 
  Shoalhaven -0.03 0.04 linear 0.9 *** 
       
Shell weight (g) Total weight (g) Clyde -0.55 0.75 linear 0.99 *** 
  Shoalhaven 0.4 0.69 linear 0.99 *** 
       
Dry weight (g) Length (mm) Clyde 5.2 x 10-7 3.44 power 0.81 *** 
  Shoalhaven 8.1 x 10-7 3.39 power 0.85 *** 
r= correlation coefficient,  *** P<0.001 
 
Figure 6-11: Allometric curves based on the allometric coefficients from Table 6-5 for 
shell parameters to total weight from four-size classes cultivated in the Clyde 
(red) and Shoalhaven (blue) R. Curves were superimposed on the data for 
stick (black) and single seed (grey) from the ‘growth-experiment’ for 
validation 
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Figure 6-12: Allometric curves based on allometric coefficients from Table 6-5 for dry 
weight of oyster flesh to total weight and shell length, and shell weight to 
total weight from four-size classes cultivated in the Clyde (red) and 
Shoalhaven (blue) Rivers 
 
The allometric curves showed that oysters from the Shoalhaven R. grew more than those in 
the Clyde, except for the relationship between thickness and TW, where they were similar. Of 
all the shell and weight parameters, dry weight showed the largest difference between the 
Shoalhaven and the Clyde River oysters. 
The allometric equations (equation [4-1]) of best fit for the four size-class oysters were 
superimposed on the data from the stick and single seed oysters of the ‘growth-experiment’ for 
validation of the relationships (Figure 6-11). Most of the curves fitted the data very well, and 
were slightly better for the single seed oysters. An exception was the length to weight allometric 
equation. Single seed did not fit this relationship as well as the stick oysters because the single 
seed oysters were chosen for a specific shell length at the start of the experiment (63mm, Figure 
6-11) and the data in the plot does not have a broad spread as would in a natural population. 
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6.1.3.4 Growth curves 
The von Bertalanffy equation (equations [4-4] and [4-5]) was applied to the data for length 
(mm) and total weight (g), from the ‘size-experiment’. The von Bertalanffy equation 
coefficients were obtained from the Ford-Walford plot (equation [4-6]). This allowed the 
coefficients to be calculated even when age was unknown. The values for ∞∞ WL , , κ  for each 
estuary are given in Table 6-6. Measured growth rates for four SRO size-classes were compared 
with the von Bertalanffy growth curve in such a way as to minimize the residual error by means 
of a least squares fit (Figure 6-13 A, B). Shell length is generally used in the von Bertalanffy 
model (Mitchell et al., 2000; Gosling, 2003), however, it can also be applied to TW. Increments 
in TW are more pronounced than length increments for larger size classes, as weight increases 
approximately as SL3, so that use of TW provides a better fit.  
By using the four size-classes from the ‘size-experiment’ the Ford-Walford approach 
produced unrealistically low values for the asymptotic weight ( ∞W , Table 6-6, A). Better fits 
were achieved when results for spat size class oysters were included (Table 6-6, B). These data 
were taken from monitoring of the same size-class 1 oysters before the start of the size-
experiment as described in section 4.3.1. Coefficients estimated using the spat-size class are 
also shown in Table 6-6, B. 
Growth curves for both estuaries from the von Bertalanffy model matched with previous 
results on the four size-classes of SRO growth shown in section 6.1.3.1. Oysters from both 
estuaries seemed to perform similarly during the first years of development. However, the older 
oysters from the Shoalhaven R. grew faster, achieving a greater ∞L  (Table 6-6). When 
assessing the overall growth using the von Bertalanffy relationship, both κ  and ∞∞ WL ,  must 
be considered. Even though the final length/weight was larger in the Shoalhaven, the larger κ  
values in the Clyde allowed the oysters from this estuary to perform similarly to the Shoalhaven 
at younger ages. 
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Table 6-6: Calculated values of ∞∞ WL ,  and κ  from Ford-Walford plots of shell length 
and total weight for SRO in the Clyde and Shoalhaven R. using A) 1 to 4-size 
class oysters; B) 1 to 4-size class spat-size class oysters 
 Estuary  L∞ (mm) K (month )  W∞ (g) K (month ) 
      
A) Fitting 1- to 4-size classes     
 Clyde 68.08 0.1268  49.63 0.076 
 Shoalhaven  73.23 0.1017  70.37 0.059 
     
B) Fitting 1- to 4-size classes + spat-size class (*)    
 Clyde 71.27 0.084  68.14 0.0460 
 Shoalhaven  75.75 0.0771  96.03 0.038 
(*) Date for the spat-size class oyster was applied to both estuaries although the 
data were only available for the Clyde R. oysters 
 
For total weight the instantaneous growth rate is 
[ ] [ ]( )200 exp(1)exp(3 ttttWdtdwt −−−−−= ∞ κκκ . In the Shoalhaven the value of ∞W is 
greater than in the Clyde so that growth is eventually faster. From Figure 6-14 the predicted 
initial growth rates in the Clyde are slightly faster than in the Shoalhaven. At 12 months, oysters 
in the Clyde are predicted to grow 4.5% faster than in the Shoalhaven. At about 15 months, 
growth rates are equal. By 24 months the predicted instantaneous growth rate in the Shoalhaven 
is 13% greater than in the Clyde and by 36 months this has increased to almost 32% (Figure 
6-13 and Figure 6-14). In the Clyde growth rate reaches its maximum after about 24 months 
while in the Shoalhaven the maximum occurs near 30 months. 
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Figure 6-13: von Bertalanffy growth curves using A) length (mm) and B) total weight (g) 
for various size classes of SRO at the Clyde and Shoalhaven R. using 
coefficients from Table 6-6, B 
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Figure 6-14: von Bertalanffy growth rates with associated instantaneous growth rates 
(calculated as the derivative of the growth function, equation [4-5]) 
 
The stick and single seed oyster data from the ‘growth experiment’ were compared with 
the von Bertalanffy model obtained from the Clyde R. ‘size-experiment’ (Figure 6-15). 
Although the ‘growth-experiment’ data covered only two out of four years of the whole life 
cycle, the corresponding weight data fitted the von Bertalanffy model well (Table 6-6) for the 
Clyde R. However, length data was poorly represented by the von Bertalanffy length model. 
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Figure 6-15: Weight (g) von Bertalanffy growth curve based on SRO growth data from 
the ‘size-experiment’ in the Clyde R (coefficients from Table 6-6, B). 
Comparison of the model with data for the stick (black dots) and single seed 
(green dots) SRO from the ‘growth-experiment’ 
6.1.4 Control of growth  
6.1.4.1 By Temperature 
The lowest water temperature during the period of this study in the Clyde River occurred 
in winter 2004, with temperatures dropping to a minimum of 10.8ºC and a winter average 
temperature of 11.6ºC. The second lowest water temperatures occurred in winter 2003 
(minimum of 11.8ºC and average of 12.4ºC). Winter 2005 was warmer with a minimum water 
temperature of 12.1ºC and a winter average temperature of 12.7ºC. Temperatures in winter 2004 
not only were the lowest level but lasted for a longer period than in the other recorded winter 
seasons.  
In contrast, observed water temperatures in the Shoalhaven during the length of the study 
reached minimum levels during winter 2005, with lowest values of 12.5°C for Shoal-5. In 
winter 2004, average water temperatures for the Shoalhaven only fell to 15.8±0.4°C. 
Temperature and quality and quantity of food are the principal environmental factors affecting 
bivalve growth (Quayle, 1969; Summer, 1980; Brown and Hartwick, 1988b; Cano et al., 1997). 
The limiting temperature for growth varies between shellfish species and shellfish ages.  
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Figure 6-16: Average water temperature (ºC) in the Clyde R. from winter 2003 to 
summer 2006 
 
Based on the oyster growth data it can be predicted that oysters might divert energy into 
shell formation and flesh condition mainly twice a year: in late summer and during autumn. It is 
known that oysters generally become inactive during winter due to low water temperatures as 
metabolic processes slow down. In the Clyde River, during both years, the drop in growth 
occurred at the end of autumn and through the winter season (Figure 6-17 and Figure 6-18). 
Therefore, it seems that at water temperatures below 13ºC oyster reduced their metabolisms and 
consequently, their growth (Figure 6-17). The northern NSW estuaries therefore have an 
advantage over the Southern estuaries, as water temperatures generally do not fall as low as the 
temperatures seen in the Clyde. This allows the oysters to grow all year around and, to reach 
market size more quickly. 
 
Figure 6-17: Average water temperature (ºC, red) and growth increment (g/month, blue) 
for the whole Clyde R. estuary 
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Figure 6-18: Contour plot of growth increment (g/day) through time (Y axis) for the 
different oyster culture locations (X axis, distance from the mouth) with 
contour lines superimposed for water temperature 
 
Studies (Powell et al., 1992; Kobayashi et al., 1997; Dolmer, 2000) of filtration rates have 
found a strong dependence on temperature, although the range of filtration rates observed at any 
temperature (season) can be affected by other factors as well. A summary of the temperature 
and salinity ranges for optimum growth and some other physiological variables is shown in 
Table 2-1, Chapter 2. Adult SRO appear to grow at an optimum level when water temperature is 
18-26ºC (Holliday, 1995) and they seem to optimise filtration at temperatures around the top of 
this range (Souness and Fleet, 1979). 
A simple linear model for the temperature dependence of growth can be obtained by 
plotting incremental growth against temperature for all the sampling sites (Figure 6-19). Where 
data was not coincident, a linear interpolation of the growth data was carried out. A strong 
relationship is evident (r2=0.64). The resulting relationship is: 
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Incremental growth rate = 0.098 x Temperature – 0.8   [6-2] 
This relationship covers a temperature range from about 13 to 25°C. Various authors 
(Holliday, 1995; Bayne, 1998; Bayne et al., 1999) have noted a strong relationship between 
temperature and oyster filtration rates and it is possible that a large proportion of the correlation 
results from changes in filtration rate. Further analysis of the effect of various environmental 
parameters on filtration is investigated in Chapter 8. 
 
Figure 6-19: Relationship between growth rates and water temperature for measured 
growth data from the ‘growth-experiment’ 
 
6.1.4.2 By rainfall and nutrients 
Sampled estuaries showed extremely low levels of dissolved nutrients (Chapter 5), 
which limit phytoplankton production. Since phytoplankton constitutes part of the SRO diet 
(results in Chapter 7), either directly or through the resuspension of carbon detrital matter, 
limitations on this food source could significantly affect oyster growth. In chapter 5 the 
processes taking place in the Clyde River after a rain event were examined. Rain events bring 
large amounts of nutrients to the estuary enhancing phytoplankton growth and potentially oyster 
growth. Consequently, oyster growth increments and growth rates may be correlated to total 
rainfall as a proxy for nutrient levels brought into the estuary. A good correlation between 
oyster growth and rainfall is seen when growth lags rainfall by 3 months (Figure 6-20). This lag 
may be related to the time that external material brought in to the estuary by the increase flow is 
active within the system, either through primary production or subsequent resuspension. This is 
explored further in conjunction with the stable isotope analysis (Chapter 7).  
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Figure 6-20: Growth increments (g) for stick and single seed oysters from the growth experiment at 5 growing locations in the Clyde River with total rainfall 
(mm) lagged by 3 months 
Dashed circles indicate times of poor lag correlation 
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6.1.4.3 By Salinity 
Oysters reduce their filtration rate when ambient salinity falls below ~25ppt (Loosanoff, 
1953). Measured data from the largest rain event of the last three years in July 2005 have shown 
that SRO ceases to filter when salinity falls below 15ppt and remains at low average values over 
a month. Here, subsequent smaller rain events kept salinity levels low for over a month (Chapter 
5). This limiting factor is consistent with the literature (Nell and Dunkley, 1984; Nell and 
Holliday, 1988; Holliday, 1995). Figure 6-20 (red circles) shows two upstream locations in the 
Clyde River were growth was reduced as a result of low salinity levels.  
 
6.1.4.4 Average relative growth model 
Average relative growth (ARG) introduced in Chapter 4 (section 4.3.1.2) is a commonly 
used measure of bivalve growth rate. ARG has the advantage over the von Bertalanffy equation 
in that it can incorporate other environmental influences. Here, the effect of the contribution of 
water temperature, salinity and organic matter in the form of POC was assessed. 
Figure 6-21 shows observed ARGs based on growth for the four size-classes in the Clyde 
and Shoalhaven River. Unlike the von Bertalanffy, this analysis does not consider the spat size-
class. 
Using multiple regression techniques described in Mason, et al. (1998) it is possible to fit 
the observed ARG values for the four size- classes to one or more environmental parameters. 
Using a model for ARG of the form (Mason et al., 1998): 
∏
=
=
N
i
C
ifit
iPCtARG
1
0)(        [6-3] 
Where Pi represents one or more environmental parameters or oyster weight [Wt, T, S, 
POC] and Ci are associated constants. So for instance for ARG modelled as a function of oyster 
weight and temperature: 
ARGfit = C1 x WC2 x TC3       [6-4] 
The best fit to the data was obtained using oyster weight and temperature as the only 
environmental forcing parameters. Adding additional forcings (S and POC) did not improve the 
fit. The fit of the model to the data was assessed using a least squares approach. The modelled 
and observed ARG for ARGfit=ARGfit(W,T) is shown in Figure 6-21. A simple Monte Carlo 
significance test (where a large number of randomly picked environmental forcing values were 
used to generate an ARG probability distribution) was used to test significance. While both 
Shoalhaven and Clyde Rivers showed a better fit with the inclusion of T, only the Clyde result 
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was significant at the 95% level. This is apparent in Figure 6-21where the modulating effect of 
temperature is strong. The best fit ARGs for the Clyde and Shoalhaven are: 
ARGClyde = -10.36 W-1.18  T2.4873      [6-5] 
ARGShoal = -6.49 W-1.28  T1.30       [6-6] 
 
Using S or POC instead of T as a fit variable for the ARG improved the fit but, unlike 
temperature, neither variable showed an improvement that was significant at a 95% level. 
 
Figure 6-21: (Top) Observed and modelled ARG time series for the Clyde (blue) and 
Shoalhaven (black) Rivers based on growth data from all four size-classes. 
(Bottom) Reconstructed weight time series from observed and modelled 
ARGs 
Shaded areas indicate summer periods when temperatures exceed 20°C 
Weight data for the four oyster size-classes was agglomerated together to 
represent a four-cultivation cycle 
6.1.5 Condition Index 
Condition Index (CI) relates shell and oyster flesh (see methodology in section 4.3.1.2). 
C.I across the different oyster size-classes varied significantly between the sampling dates and 
the size-classes and between the two estuaries (Table 6-7). CI was significantly higher in both 
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estuaries during the warmer seasons as expected (ANOVA, P<0.001, Figure 6-22). In general, 
oysters at both estuaries showed similar CI levels except during the June 2005 sampling, when 
all size-classes from the Shoalhaven R. were significantly higher than those from the Clyde R 
(Figure 6-22). Intra-annual variability in CI was observed for the December values of 2004 and 
2005. These inter-annual differences appear to be a consequence of the variability in the 
environment. Of all the oyster size-classes, the size-class 1 from both estuaries showed 
significantly lower CI (ANOVA, P<0.001) than the other classes. Overall, size-classes 2, 3 and 
4 showed similar CI in the Shoalhaven River. The two largest classes in the Clyde R. differed at 
a significant level (P=0.003) as oysters from size-class 4 in this river had significantly higher CI 
All size-class CI also differed significantly (ANOVA, F= 56.33, P<0.001) between the two 
estuaries, with Shoalhaven oysters having consistently higher CI values. 
 
Figure 6-22: Condition Index for four size-classes at two estuaries Clyde R. (C ) and 
Shoalhaven R. (S) for the period Nov 2004 to Dec 2005 
 
Table 6-7: Condition index ANOVA output of four size-classes (Size) at the Clyde R. and 
Shoalhaven R. (estuary) for the sampling dates (date) over the period Nov 
2004 to Dec 2005.  
 df Adj MS F P 
Estuary 1 36519 56.33 *** 
Size - class 
(by Estuary) 
6 10918 16.84 *** 
Date 5 25861 39.89 *** 
Error 891 648   
Total 903    
  (***) P-value <0.001 
Mean Squares (MS), degrees of freedom (df), F-value (F) and probability 
for the ANOVA test 
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6.1.6 Effect of stocking densities on growth 
Stocking densities have been shown to influence oyster growth and, the aim of this 
experiment was to determine optimum stocking densities for two cultivation methods: intertidal 
sectionalised trays and floating cylinders in the Clyde and Shoalhaven Rivers, respectively. 
Three density levels were used in this experiment (see Methodology section 4.3.3 and Table 
6-8). The highest density was chosen to represent the stocking density for oysters commonly 
used by local oyster farmers. 
The tray experiment at the Clyde R. involved estimated stocking densities of 44, 89 and 
133 oysters per tray section (222, 444 and 667 oysters/ m2, respectively). The average weight of 
the oysters at the start of the experiment was 4.5g. This experiment ran for 39 weeks, starting in 
mid March 2005. 
The first experiment using floating cylinders in the Shoalhaven R (‘cylinders1’) involved 
estimated stocking densities of 1, 2 and 4 litres of oysters per cylinder that corresponded to 266, 
560 and 1090 oysters per cylinder for an average size oyster of 1.8g. This experiment ran for 29 
weeks, starting in mid March 2005. 
The second experiment in the Shoalhaven used cylinders (‘cylinders2’) with estimated 
densities of 1, 2 and 3.3 litres of oysters per cylinder that corresponded to 78, 147 and 208 
oysters per cylinder for an average size oyster of 9.5g. Oysters used in this experiment came 
from oysters which survived from the ‘cylinder1’ experiment. This experiment ran for 21 
weeks, starting in October 2005. 
Stocking density was consistently found to have a significant effect on oyster condition 
index (ANOVA, F=39.49, P<0.001, Table 6-9) but not on oyster growth for both of the 
cultivation methods. The Tukey test for the effect of density on C.I for oysters in trays showed 
the mean CI at each density level varied significantly against each of the other densities. The 
mean CI for the lowest of the three stocking densities (222 oysters/m2) was significantly larger 
than the other two densities (Figure 6-23). The mean CI for the medium stocking density was 
also larger than the highest density level. This pattern was consistent throughout the period of 
the study except for September 2005 when CI for the low and medium density levels were high 
and very similar. The CI values of oysters in trays in the Clyde River varied significantly 
between all the sampling dates (ANOVA, F=816.82, P<0.001) with markedly high CI levels 
during the September sampling. Similar patterns were found in both of the cylinder experiments 
(Figure 6-23). Mean CI was significantly different between density levels (ANOVA, F=13.75, 
P<0.001, Table 6-9). However, the mean CI for oysters at the high and medium stocking 
densities in floating cylinders did not vary significantly but the mean CI was significantly 
different between high and low densities (T=5.11, P<0.001) and the medium and low densities 
(T=3.62, P<0.001). 
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Table 6-8: Production of SRO at three stocking densities in sectionalised trays in the 
Clyde R. and floating cylinders in the Shoalhaven R. 
 Density Stocking density Final biomass(a) Biomass gain(2) Weight gain 
         
Trays  (oysters/ m2) (kg/ m2)  (kg/ m2)  (g/oyster) 
 Low 222  3 ± 0.1  2 ± 0.1  12.7 ± 0.6 
 Medium 444  6.4 ± 0.2  4.4 ± 0.2  11.4 ± 0.7 
 High 667  9 ± 0.1  6 ± 0.1  11.7 ± 0.8 
         
Cylinders 1 (oysters (l)/ 
cylinder) (b) 
(kg / 
cylinder) 
 (kg / cylinder)  (g/oyster) 
 Low 1  2.6 ± 0  2.14 ± 0.03  7.1 ± 0.6 
 Medium 2  5.3 ± 0.1 4.32 ± 0.09 7.7 ± 0.7 
 High 4  8.1 ± 0.3 6.06 ± 0.28 8.3 ± 0.7 
         
Cylinders 2 (oysters (l) / 
cylinder) (b) 
(kg / 
cylinder) 
 (kg / cylinder)  (g/oyster) 
 Low 0.95  1.7 ± 0.1 1.03 ± 0.14 20.8 ± 1.4 
 Medium 2  3.9 ± 0.2 2.52 ± 0.22 19.9 ± 1.2 
 High 3.3  5.4 ± 0.6 3.34 ± 0.63 19.1 ± 1.4 
(a) Biomass values based on whole weight of live spat 
(b) Stocking densities in litres of oysters per cylinder 
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Table 6-9: Condition Index ANOVA analysis for oysters grown at three stocking 
densities in intertidal trays in the Clyde River and in floating cylinders in the 
Shoalhaven River 
 df MS F P 
Trays     
Density (D) 2 10841 39.45 *** 
Time (T) 2 224244 816.82 *** 
D*T 4 1758 64.1 *** 
Error 169 275   
Total 177    
     
Cylinder 1 & 2      
Density (D) 2 3527 13.75 *** 
Time (T) 4 227341 886.52 *** 
D*T 8 294 1.15 0.332 
Error 279 256   
Total 293    
 
The final mean weight of oysters grown at the lowest stocking density in trays was 
17.23±2.66g, while the mean weight of oysters grown at the medium and heavy stocking 
densities was 15.9±3.12g and 16.2±3.6g, respectively (Figure 6-24). None of these means, 
however, were statistically different due to the large variance of the data (ANOVA, F=0.96, 
P=0.38). Final mean weights for oysters grown in floating cylinders were not significantly 
different for the highest stocking density (4L oysters per cylinder) at the end of the ‘cylinder1’ 
experiment (10.1±3.2g). The other two stocking densities (1L and 2L oysters per cylinder) 
ended with similar weights (~9g).  
In the ‘cylinder2’ experiment, while growth rates varied between the different densities 
over the period, none of the density groups showed consistently better or worse performance 
and as in the other experiments there were no significant differences in the final weights (Figure 
6-24). 
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Figure 6-23: Change in condition index over time for three stocking densities for A) 
intertidal trays in the Clyde River; B) floating cylinders in the Shoalhaven River 
(experiments 1 & 2)
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Figure 6-24: Change in average oyster weight over time for three densities for A) 
intertidal trays in the Clyde River; B and C) floating cylinders in the 
Shoalhaven River (experiments 1 & 2, respectively)  
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In each of the density experiments, final biomass increased with increasing stocking 
density over the density levels tested (Table 6-8). Biomass gain and volume increase also 
increased as stocking density increased without reaching any limit (Figure 6-25) as found in 
other studies (Holliday et al., 1991; Holliday et al., 1993). This indicates that the maximum 
density used in this study was probably lower than the optimum density for biomass gain. It is 
noted, however, than condition index, an important market characteristic, is affected 
significantly by the densities selected here. 
 
Figure 6-25: Effects of stocking density on oysters growing on trays and on cylinders for 
A) average oyster weight gain (g); B) biomass gain over the duration of the 
experiments 
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6.2 Mortality rates of SRO 
Mortality rates were assessed between locations, seasons and for the two years of ‘growth-
experiment’. Mortality in different oyster size-classes between the Clyde and the Shoalhaven 
Rivers and differences in mortality rates with different stocking densities were also compared. 
6.2.1 Spatial variability 
The percentage mortality was significantly different between the five sampling locations in 
the Clyde R. for stick and single seed oysters (ANOVA, F= 5.61 and P<0.001, and F= 11.64 
and P<0.001, respectively,Table 6-10: Mortality three-way ANOVA analysis for stick and 
single seed oysters from the ‘growth-experiment’ at each location (Loc), season (S) and between 
the two years of experiment (Yr)). Over the two year period, mortality at Clyde-8 was 
significantly higher than at Clyde-3 (T-value= 3.94, P<0.001) and in Clyde-5 (T-value= 4.34, 
p<0.01) for stick oysters. Mortality values for Clyde-8 during the period July 2004 to January 
2005 should be treated with care, however, as two out of the six experimental trays were lost 
during this period. Oyster numbers at this location during this period might not be statistically 
representative. At the end of the experiment only 31% of oysters from the Clyde-8 had survived, 
followed by ~60% survival in both Clyde-2 and Clyde-6 (Figure 6-26, A). During the first year 
of sampling, stick oysters from Clyde-2 had the highest mortality rate all through the year while 
mortality at Clyde-8 was highest during the second year. The best survival stick oysters was at 
Clyde-5 with a survival of 84%. Single seed oysters in the latter location showed a lower 
percentage survival similar to the other locations except for Clyde-3, which had considerably 
higher survival (Figure 6-26,B).  
 
   
Figure 6-26: Percentage survival of A) stick and B) single seed SRO at five locations in 
the Clyde R. for the period July- 2003 to August-2005 
 
  
A.Rubio Chapter 6 Page 172 
Table 6-10: Mortality three-way ANOVA analysis for stick and single seed oysters from 
the ‘growth-experiment’ at each location (Loc), season (S) and between the 
two years of experiment (Yr)  
 df MS F P-value 
Stick oysters (N=300)     
Location (Loc) 4 0.027 5.61 *** 
Year (Yr) 1 0.057 11.37 *** 
Season (S) 3 0.023 4.74 *** 
Loc*Yr 4 0.013 2.63 ns 
Loc*S 12 0.009 2.01 ns 
Yr*S 3 0.007 1.44 ns 
Error 47 0.005   
Total 74    
     
 df MS F P-value 
Single Seed oyster (N=100)     
Location (Loc) 4 0.111 11.64 *** 
Year (Yr) 1 0.043 4.5 * 
Season (S) 3 0.006 0.71 ns 
Loc*Yr 4 0.0015 0.15 ns 
Loc*S 12 0.0039 0.41 ns 
Yr*S 3 0.0026 0.26 ns 
Error 47 0.009   
Total 74    
P-values: P<0.001 (***); P<0.01 (**); P<0.05 (*); Non significant (ns) 
ANOVA output of the mean squares (MS), degrees of freedom (df), F-value (F) and 
probability (P-value) 
 
6.2.2 Seasonal and inter-annual variability 
Mortality between seasons were only statistically significant for stick oysters (ANOVA, 
F=4.74, P<0.001,  Table 6-10: Mortality three-way ANOVA analysis for stick and single seed 
oysters from the ‘growth-experiment’ at each location (Loc), season (S) and between the two 
years of experiment (Yr)). Winter seasons had significantly lower percentage mortality and 
spring had the largest percentage mortality values. On average winter percentage mortality was 
0.7±0.3% per month (N=15) and spring was 2.0±0.47% per month (N=10) for the period of the 
experiment from July 2003 to December 2005 (Figure 6-27). High mortality percentages were 
expected as oysters in southern NSW are generally affected by winter mortality disease during 
the spring months, after infection during the winter period. Seasonal mortality differences were 
enhanced between the first and second year of experiment. Mortality during spring was 
markedly higher than the rest of the seasons and mortalities increased from 2003 to 2004 in both 
oyster cultivation classes. During the first part of the ‘growth experiment’ single seed oysters 
showed lower mortality levels than stick oysters. However, the percentage mortality per season 
and location increased significantly from Spring 2004, especially for single seed oysters.  
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Figure 6-27: Seasonal %mortality for stick and single seed oysters in the Clyde R. for the 
period July 2003 to November 2005 
 
6.2.3 Age-dependence effect 
Mortality rates for all size-class oysters at the Clyde and Shoalhaven Rivers over one year 
did not vary statistically between size-classes, estuaries or seasons within the period of the study 
(Table 6-11). The overall mortality of oysters grown in both estuaries after 4 years was 
estimated to be 32% (Figure 6-28). Oysters from the size-class 2 group in the Clyde River had 
higher mortalities than in the Shoalhaven all through the year of sampling. However, oysters 
from the size-class 3 and 4 group in the Shoalhaven had higher mortalities at certain times of the 
year than those in the Clyde R. The size-class 1 oysters in both estuaries had the lowest 
mortality rates (3-4% overall mortality, Figure 6-28). 
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Table 6-11: Mortality three-way ANOVA analysis for four size-class oysters (Class) at 
two estuaries (Estuary) Clyde and Shoalhaven R. between the seasons for the 
period December 2004-2005.  
 df MS F P-value 
Stick oysters (N=300)     
Estuary (E) 1 0.057 x10-3 0.02 ns 
Class (Estuary) 6 5.2 x10-3 1.85 ns 
Season (S) 3 0.1 x10-3 0.04 ns 
E*S 3 3.6 x10-3 1.27 ns 
S*Class (E) 18 1.7 x10-3 0.62 ns 
Error 31 2.8 x10-3   
Total 62    
ANOVA output of the mean squares (MS), degrees of freedom (df), F-value (F) and 
probability (P-value) 
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Figure 6-28: A) Total whole weight and B) % survival for the 4 size-class oysters in the 
Clyde and Shoalhaven R. representing 4 years of oyster production. The 
experiment was undertaken for the period January to December 2005. Each 
size-class represents a year of oyster production 
6.2.4 Stocking density effect 
The effect of different stocking densities on mortality levels was assessed for both the 
intertidal tray and floating cylinder cultivations. There were significant differences in mortality 
at the different stocking densities (ANOVA, F=3.87, P<0.05, Table 6-12). The results of the 
post hoc Tukey comparison test showed that mortality at the lowest stocking density was 
significantly lower than at the highest density (T-test= 2.59, P<0.05), but was not different from 
that at the medium stocking density. There were no statistical differences between the medium 
and high stocking levels. 
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Table 6-12: ANOVA for percentage mortality of spat SRO at three stocking density 
levels in intertidal trays in the Clyde R. and between monthly measurements 
through the period February to December 2005  
 df MS F P-value 
     
Density (D) 2 0.019 3.67 * 
Sampling date (S) 5 0.036 6.88 *** 
D * S 10 0.036 0.7 ns 
Error 90 0.052   
Total 107    
Mean squares (MS), degrees of freedom (df), F-value (F) and probability (P-value)  
 
Mortality levels were also significantly different between different sampling dates in the 
study (ANOVA, F=3.67, P<0.001). Mortality levels in December were the lowest in the study 
period compared to June and November, which were the highest (Figure 6-29). 
 
Figure 6-29: Monthly percentage mortality for oysters cultivated in intertidal trays at 
three different density levels in the Clyde River 
6.3 Production index (PI) 
The production index (PI) is a combined measure of both the survival rate and the annual 
growth as described in section 4.3.1.2. The Table 6-13 shows the oyster PI for stick and single 
seed oysters for the first year of the growth experiment in the Clyde River and the PI for the 4 
size-class oysters that corresponds to the full oyster production cycle in both the Clyde and the 
Shoalhaven Rivers. This index is a good method for comparing production between areas or 
estuaries as long as similar oyster size classes and similar time intervals are used. As oyster 
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growth rate decreases with increasing body size, biomass production decreases with increasing 
oyster size-class. An example of the biomass production calculation for 3-size class oysters in 
the Clyde R. follows: A bag of 110 dozen of ~28g oysters initially weighs ~37kg. With a 
survival rate of 88% and a final average weight of ~43g per oyster after a year, the final biomass 
will be ~50kg (=110 x 12 x  0.88 x 0.043) giving a PI of ~ 50/37 = 1.35 in one year. 
PI were higher for all the size-classes in the Shoalhaven than those in the Clyde R. Stick 
oysters at all locations in the Clyde R. had higher biomass production rates than single seed 
oysters. This is expected, as stick oysters at the start of the growth-experiment were smaller by 
approximately 8g than single seed oysters. Most of the locations had a similar PI, however, for 
both cultivation types of oysters Clyde-3 had the highest and Clyde-5 had the lowest production 
index. 
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Table 6-13: Oyster production index for stick and single seed oysters in the Clyde R. by 
location from August 2003-2004 and for 4 size-classes of oysters in the Clyde 
and Shoalhaven R. from December 2004- 2005 
 
 Initial weight Final weight  Survival Production index 
 (g) (g) % (*) 
Stick oysters    
Locations:     
Clyde-2 13.13 30.83 76.50 1.80 
Clyde-3 12.99 26.21 93.40 1.88 
Clyde-5 13.22 23.30 89.71 1.58 
Clyde-6 12.96 26.22 87.90 1.78 
Clyde-8 13.22 27.38 80.40 1.66 
Average 13.10 26.80 87.43 1.79 
     
Single seed oysters    
Locations:     
Clyde-2 25.14 38.35 85.29 1.30 
Clyde-3 23.41 33.66 100.00 1.44 
Clyde-5 24.09 31.24 84.84 1.10 
Clyde-6 23.58 33.60 90.06 1.28 
Clyde-8 21.83 32.89 84.84 1.28 
Average 23.61 33.95 88.32 1.27 
     
Clyde R.     
     
Size-class 1 7.26 22.56 97.23 3.02 
Size-class 2 15.12 28.85 85.69 1.64 
Size-class 3 28.16 42.59 87.89 1.33 
Size-class 4 37.72 52.26 90.55 1.25 
     
     
Shoalhaven R     
     
Size-class 1 6.16 25.25 96.65 3.96 
Size-class 2 18.69 36.52 89.21 1.74 
Size-class 3 28.86 47.54 85.43 1.41 
Size-class 4 40.62 60.80 91.28 1.37 
(*) based on 1 year period  
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6.4 Discussion of SRO growth and mortality 
There is little published information on the growth of SRO under natural conditions. 
Recent field studies on SRO growth have been carried out using oysters from breeding lines 
selected for fast growth and/or disease resistance (Nell et al., 1996; Sheridan et al., 1996; Nell 
and Rosalind, 2003; Hand et al., 2004). In this thesis, SRO growth was found to vary across 
sites within an estuary, between seasons, between estuaries, between years and at different 
stages of the oyster production cycle due to variations in the oyster body size. Realistic oyster 
growth models should include information from different size-classes as individual size-classes 
in this study had distinct growth rates and mortality levels. 
6.4.1 Spatial variability 
6.4.1.1 Between estuaries 
SRO growth rates varied significantly between the Clyde and the Shoalhaven R. despite 
their geographical proximity and similarity in physical characteristics. On average, oysters in 
the Clyde R. grew at a rate of 1.1g/month while those in the Shoalhaven grew at 1.4g/month. 
SRO growth rates in natural conditions have been previously calculated for Brisbane Waters 
and Lake Macquarie (~2g/month (Paterson et al., 2003b)); in Port Stephens (1.5g/month during 
spring, (Underwood et al., 2002)) and in the Camdem Haven River (1.4g/month, (Troup, 
2001)). These growth rates cannot be compared directly to the growth rates from this study, as 
the oyster sizes varied in these measurements. The aspects influencing growth rates are 
discussed latter in this section. It is expected that SRO should grow at higher rates in the 
northern NSW estuaries because average water temperatures are higher do not fall below 13ºC 
in winter as it does in the Clyde R. dramatically reducing growth during the cold months (Figure 
6-16). Oysters in the Shoalhaven R. were found here to grow at similar rates to oysters from 
some northern estuaries despite the mean temperature differences. 
Oysters in the Shoalhaven grew at a faster rate than oysters in the Clyde R during most of 
this study. This is best illustrated by the growth performance for the size-class 1 as these oysters 
came from the same broodstock and batch. After the oysters left the hatchery with an 
approximate size of 0.4mm, they were cultivated in upweller systems in each estuary. Once the 
oysters reached a size of ~6-7mm they were transferred to tray cultivation in the Clyde R. and to 
floating cylinders in the Shoalhaven R. During the first measurement period, size-class 1 oysters 
performed similarly at both estuaries. After this period, oysters in the Shoalhaven grew 
significantly quicker than those in the Clyde R. reaching an additional final weight of 2.7g. For 
size-class 1 growth performance should have been purely influenced by environmental 
conditions and/or cultivation methods rather than any differences in their genetics. The CI of 
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size-class 1 oysters in both estuaries were significantly lower than those in the other size classes 
as size-class 1 oysters were immature, with low gonad development. 
6.4.1.2 Within estuaries 
SRO growth patterns did not vary substantially between stick and single seed oysters in the 
Clyde R., but, the sub-sample of single seed oysters used in the ‘growth-experiment’ was 
smaller than the stick group. Both culture types of SRO grew significantly more at the more 
oceanic Clyde-2 than at any other location within the Clyde R. The second best growth 
performance was in Clyde-8, the furthest upstream location, especially during dry years as 
occurred in the first year of this study. This could reflect the small discharge of nutrients into 
the estuary from the upstream catchment. During large rain events, the decrease in stream 
salinity affects these upstream oysters markedly, shutting their valves and therefore limiting 
growth. The worst growth occurred in oysters from Clyde-5. This location is in Mogo creek off 
the main stream, which typically has high turbidity and low flushing rates. This area was 
previously used as a nursery area and held very large numbers of cultivated oysters. Farmers are 
currently moving out of this low-growth area. 
It is noted here that the near oceanic downstream sites with faster growing oysters have 
substantially higher TSS and POM than the upstream sites. While the Clyde-5 site, Mogo Creek, 
has similar TSS and POM to the near oceanic sites, oyster densities there are much larger and 
might be reflected in the FRP-P which is very low at Clyde-5. 
6.4.2 Temporal variability 
SRO growth in this study was influenced by seasonal variations, as expected. These 
seasonal differences have been reported previously in terms of oyster shell dimensions 
(Thompson, 1963; Summer, 1980) and total weight (Baghurst and Mitchell, 2002). The 
percentage seasonal increments varied, depending on the amount of energy that oysters divert to 
somatic or reproductive processes. In this study, autumn weight increments were lower than 
those in summer, probably because most oysters spawning during early autumn (Baghurst and 
Mitchell, 2002). In addition, a decline in growth rates of TW and shell dimensions with falling 
water temperature was also observed. This pattern has been found in previous studies 
(Thompson, 1963; Summer, 1980). Weight increments were markedly reduced during all 
winters, but varied between years. Weight increments were the smallest during winter of 2004, 
followed by winter of 2003 and by winter of 2005 (Figure 6-5). Variations in weight increments 
are directly related to minimum and average water temperatures during these winter periods 
(Figure 6-16).  
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In the Shoalhaven, while similar patterns were noticed, the reduction is growth rate was 
less in winter than that in the Clyde. In the Shoalhaven TSS and POM and some forms of P are 
higher in winter than in the Clyde and temperatures are also higher by on average 1°C. 
6.4.3 Allometric relationships for SRO 
Growth patterns of TW and SL for the different size classes were generally similar in the 
two estuaries (Table 6-2). Sydney rock oyster growth development varies through the life cycle. 
The SRO tends to divert energy towards body mass and shell formation during the first years of 
development but, as found here, it reduces substantially the input towards shell thickness growth 
after the end of the second year of production or when the oyster is approximately 25g. In the 
Shoalhaven, oysters increased shell width and shell length throughout the four years of the 
oyster production cycle. However, these oysters invested most of their energy in shell thickness 
growth only during the first year of growth. Consequently, shell shape changes slightly at 
different stages of the life cycle but the shell morphometric ratios remained very close across 
size-classes. Clyde oysters from the ‘size-experiment’ showed more variability in the shell size 
parameters than oysters from the Shoalhaven. The Shoalhaven oysters came from local wild 
catch collected by a single farmer with consistent husbandry procedures. Additionally, oysters 
from the Shoalhaven R. of similar age were wider and had larger surface area than in the Clyde 
River.  
Single seed oysters from the ‘growth-experiment’ in the Clyde had similar shell 
width:length ratios similar to single seed oysters in the Shoalhaven. This seems to be a distinct 
characteristic of single seed oysters compared to stick oysters. Single seed oysters are widely 
recognised as having more regular shape (Nell et al., 1996; Ruello & Associates Pty Ltd, 2006). 
In this study the shell length:width:thickness ratios for single seed and stick oysters close to 
harvesting size were very similar (Table 6-4). In Ruello & Associates’ report (2006) SRO 
average length to width ratios averaged 1.6 (but ranged from 1.05 to 2.17) for stick oysters and 
1.52 (ranging from 1.1 to 2.07) for single seed oysters. In this study the average ratios were 
smaller, 1.3 for both cultivation methods. Ruello & Associates’ report covered a wider range of 
size-class oysters than the oysters from the ‘growth-experiment’ here, which represented only 
two size-classes. 
Most bivalves exhibit some change in shape with increasing body size (Gosling, 2003). In 
this chapter, allometric changes were studied in order to assess changes in the shell shape as a 
consequence of the trade-off for physiological maintenance, such as ensuring a favourable 
surface area to volume ratio. The relationships between SRO growth and environmental 
parameters will be discussed in detail in Chapter 7. Changes in the shell shape are controlled by 
the mantle of the oyster, which manages shell secretion (Seed, 1968). Most of the published 
allometric relationships for oysters have been calculated based on physiological variables. 
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Consequently, there is little information in the literature concerning the allometric equations for 
changes in oyster shell. The allometric coefficients calculated in this study (Table 6-5) were 
within the range of published coefficients for other oyster species (Table 6-14). The slope 
coefficients for TW versus SL calculated in this study from the pooled four size-classes from 
two estuaries ranged from 0.26 to 0.28. A larger slope coefficient for wet weight was calculated 
for a 37g-SRO by Hand et al. (2004). The difference in coefficients may arise from using more 
than one size-class to calculate the slope of the allometric relationship between weight and shell. 
 
Table 6-14: Published allometric coefficients for various oyster species 
Species Variable 1 Variable 2 Slope  
coefficient 
Reference 
Crassostrea gigas Dry weight  
(g) 
Shell length 
(mm) 
2.86a 
3.74b 
(Ren et al., 2003) 
Crassostrea gigas Wet weight 
 (g) 
Shell length 
(mm) 
0.3 to 0.44 (Bougrier et al., 1995; 
Kobayashi et al., 
1997) 
Crassostrea gigas Wet weight 
 (g) 
Shell length 
(mm) 
1.2c (Baghurst and 
Mitchell, 2002) 
Crassostrea 
virginica 
Wet weight 
 (g) 
Shell length 
(mm) 
2.06 (Jordan et al., 2002) 
Ostrea angasi Wet weight 
 (g) 
Shell length 
(mm) 
0.26 (Mitchell et al., 2000) 
Saccostrea 
glomerata 
Wet weight 
 (g) 
Shell length 
(mm) 
0.54d (Hand et al., 2004) 
(a) post-spawned oyster 
(b) pre-spawned oyster 
(c) coefficient for elongated shape oysters where there is a linear relationship 
(d) for a 37g-SRO 
 
The allometric relationship between TW and SL from the ‘growth-experiment’ were 
superimposed in this study on the allometric curves calculated for the pooled four size-class 
oysters. This allowed independent validation of the derived allometric curves (Figure 6-11). 
These curves fitted the single seed oyster data slightly better than for the stick oyster, except for 
the relationship between length to weight. This is probably because the allometric coefficients 
were calculated from single seed oyster data from the class size-experiment. One disadvantage 
of using allometric equations is that only two growth variables are compared, so that this type of 
analysis only deals with changes in the proportions of the two parameters considered but not in 
the relative change of the other various dimensions of the shell shape.  
6.4.4 Von Bertalanffy growth model for SRO 
In this study, the von Bertalanffy growth curves based on shell length (equation [4-4]) and 
weight (equation [4-5]), calculated for each estuary fitted the growth data from the ‘size-
  
A.Rubio Chapter 6 Page 183 
experiment’ well except for the length data of the larger size-class of oysters. It was noted that 
there is difficulty with the measurement of oyster length because of the fragility of the shell lip 
and the rigours of handling and cleaning. The length model underestimated the values from the 
large size-class despite the improvement achieved by using additional data from a spat-size 
class. As discussed below, this appears in part to be due to the technique used to fit the data that 
is more sensitive to measurements from small oysters. 
Using the fitted growth curves (section 6.1.3.4) it is possible to estimate, approximate 
periods for required oysters in the Clyde and Shoalhaven Rivers to reach different market sizes 
for oysters. Oysters reach Bottle size (~30g) after 31 and 30 months while Bistro size (~40g) is 
reached after 39 and 36 months; and Plate size (~50g) after 50 and 43 months in the Clyde and 
Shoalhaven Rivers, respectively. In a similar way, the time required to reach desired shell 
lengths can be estimated from the length model. The model and results from the growth by size 
classes (section 6.1.3.1), conclusively demonstrated that oysters in the Shoalhaven reached 
larger weights and lengths than in the Clyde R over the same period of time. 
Various measures are used to express the growth of an oyster. These may be variously 
based on increments observed over a set time, instantaneous values or on models that are fitted 
to the entire life cycle. These measures must be used with care as growth rates vary for different 
sizes/age classes of oysters and environmental factors also play a large role. Increments over 
fixed times or instantaneous growth metrics cannot be directly used to compare oysters from 
different size classes. This problem may be avoided by fitting data to a growth model, which 
uses as few parameters as possible to express the growth over all the size classes. Various 
equations have been used to fit curves to growth data in bivalves, however, the von Bertalanffy 
growth equation (von Bertalanffy, 1938) has been suggested as giving the best fit for the growth 
in fish (Francis, 1996) and oysters, such as flat oysters Ostrea angasi (Mitchell et al., 2000) and 
the SRO Saccostrea glomerata (Mason et al., 1998). This model requires only two parameters: 
an average growth rate and an asymptotic weight or length to describe the entire growth cycle.  
There are limitations that need to be considered when applying this model. Often, the exact 
age of the oysters is unknown. In this case it is still possible to fit the von Bertalanffy model 
using the Ford-Walford plot (Equation [4-6]), which requires only knowledge of weight or shell 
length differences over time. This method is sensitive to the time span of the data and gives 
particularly poor results if growth data is only available for the largest size classes where 
changes of weight/length with time are relatively small. Best results are achieved if growth data 
cover the full life cycle. A further issue with this approach is that the large seasonal growth rate 
changes found for the SRO cannot be described by an average growth rate and final asymptotic 
value. Some authors have tried to use a two-phase von Bertalanffy model (Mason et al., 1998), 
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however, this approach increases the number of free parameters and makes fitting the 
parameters with observed growth data more difficult. 
The von Bertalanffy model assumes that SRO growth is finite, that is, there exists a 
maximum attainable length/weight. For the Clyde and Shoalhaven oysters these maxima were 
found to be 71.3mm/ 68.1g and 75.8mm/96.0g, respectively. It is possible that oyster growth is 
not finite and that significant growth continues to occur at older ages. In aquaculture systems 
oysters are generally removed well before attaining the maximum obtainable length/weight and 
so this model may still be appropriate. The success of the model here suggests it can be used as 
a management tool to estimate the time taken to reach certain weights in different estuaries. 
This model uses a single growth rate parameter to describe the entire life span of the 
oyster. It has been found in this study that there is a strong seasonal effect on SRO growth. As a 
consequence, to investigate changes in growth rates resulting from a variety of environmental 
factors, an instantaneous growth measure has been used based on the average relative growth 
(ARG) calculation (Mason et al., 1998). This approach allowed for the incorporation of 
physico-chemical variables such as temperature, salinity and organic carbon, and the 
identification of their relationships to growth. It was found that of these three variables, only the 
incorporation of temperature gave a significant improvement in the estimate of ARG. The other 
variables did offer some improvement but not at a significant level. 
Anecdotal evidence from oyster farmers together with scientific understanding suggests 
that oysters cultivated at higher densities have poorer growth characteristics. In this study no 
significant differences in growth at different stocking densities for tray and floating cylinder 
cultivations were found for the range of stocking densities employed. It was shown, however, 
that stocking density had a significant effect on the condition index of the oysters. Condition 
index decreased with increasing stocking densities for both estuaries. Growth rates at different 
densities varied, showing no clear patterns with increasing densities. During the early stages of 
the experiment, there was little difference in growth between density levels. By the end of the 
study, oysters from the low density tray experiment in the Clyde R. had increased growth in 
comparison with the other density levels but it was not statistically significant (Figure 6-24). A 
similar pattern occurred during the early stages of the cylinder experiment in the Shoalhaven R., 
however, oyster growth varied at each density level and with season and oyster size. 
Stocking densities chosen in this study were modest. Most oyster farmers in the study 
estuaries use stocking densities around the highest density used in these experiments. Previous 
studies have used much higher densities (Underwood et al., 2002), however, maintaining these 
higher densities is difficult as most of the area of the cultivation unit was taken up by oysters. 
Maintaining such high densities is difficult as one runs out of space quickly. As a consequence 
there was high variability in the results and no significant relationships were established 
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between growth and density. Here, the focus instead has been on density ranges at or below 
those normally used in the studied estuaries. Lower densities are easier to manage 
experimentally and by starting with small oysters, measurements could be continued for 
appreciable periods. 
Stocking density did not inhibit biomass gain so that the optimum density for biomass 
production could be higher than the largest used here. As suggested by Holliday et al. (1993), in 
order to determine optimum stocking densities for oyster cultivation, economic considerations 
need be taken into account. In order to do this, the total biomass gain, the average oyster growth 
rate and the condition index must be considered to maximise return to the farmer. 
It is important to consider stocking density per unit of area/volume cultivation when 
assessing production rates in farming areas. Acceptable stocking rates depend on oyster growth, 
survival and condition index. In this study, it has been found that density has a significant effect 
on the survival of oysters as oysters showed higher survival rates and better condition indices at 
lower stocking densities. Similar results for survival have been found in studies of SRO in other 
NSW estuaries (Holliday et al., 1993; Troup et al., 2005). Finally it is noted here that in one 
location in the Clyde, Clyde-5, at Mogo Creek, growth rates were lower than at other locations 
including the upstream locations. At the time of measurements stocking densities at this location 
were the highest in the estuary. 
6.4.5 Oyster mortality rates and production index 
SRO mortality levels varied between stick and single seed oysters, between locations 
within an estuary and between years. On average, across all locations, the monthly percentage 
of mortality was 1.2±1.4%. Winter seasons had the lowest monthly percentage of mortality 
(0.7±0.3%) while spring had the highest mortality (2.0±0.5%). This may be because, in winter, 
water temperatures are lower than 13ºC and SRO slow their metabolic processes reducing 
filtration and therefore, growth with consequent potential mortality risks. In spring as growth 
starts to increase, oysters in poorer condition after winter are more vulnerable. In this study, no 
significant differences were found in mortality between the two sampling estuaries or between 
size-classes. Similar results have been previously found for the flat oyster Ostrea angasi in 
Tasmania (Mitchell et al., 2000), however mortality levels may vary according to environmental 
conditions, cultivation methods and cultivating stocking densities (Holliday et al., 1993; Troup 
et al., 2005). 
Oysters in most NSW estuaries south of Port Stephens are affected by diseases such as 
winter mortality and mudworm infestations. Winter mortality is caused by a protistan parasite, 
Bonamia roughleyi, formerly known as Mikrocytos roughleyi (Nell et al., 2000). This parasite 
infects oysters during winter but they do not die until mid-spring to summer. Spring 2004 in this 
study had particularly high winter mortality. Winter mortality is known to occur mainly in the 
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lower and middle, more saline reaches of estuaries and is most severe in the lower reaches (Nell 
and Perkins, 2006). This seasonal pattern occurred during the first but not the second year of the 
‘growth-experiment’. In the second year, mortality levels were also high in upstream locations 
such as Clyde-8. The cause of oyster death was not determined here but the timing of deaths 
suggest that winter mortality might also affect upstream oysters. In general, oysters from the 
two estuaries on the south coast of NSW had low mortality rates during winter, probably due to 
their lack of physiological activity resulting from low water temperatures and perhaps from 
lower food levels as well. 
Mortality rates are difficult to assess in experiments that focus on factors other than just 
mortality, as large numbers of oysters are required for representative assessment. It is also 
difficult to distinguish between natural mortality and mortality associated with the experimental 
process. In this study the experimental oysters had to be removed from the water while 
measurements were taken. While efforts were made to minimise disturbance, this process 
represents additional stress on the oysters. Natural mortality has been previously estimated in 
the literature as accounting for 10% in total of all SRO over the usual growing periods of 3 to 4 
years (Nell et al., 1996; Hand et al., 2004). However, in this study percentage mortality 
estimated for the Clyde and Shoalhaven Rivers after 4 years of production and taking into 
account mortality per oyster size-class, reached 32%. Mortality rates for the 2 years of the 
‘growth-experiment’ reached on average the high values of 70±5% and 71±5% for the Clyde 
River (information on the Clyde-8 was not included as the number of oysters was not 
representative at the end of the experiment) and the Shoalhaven River, respectively.  
The production index (PI) used in this study has been used previously in the French 
industry in order to monitor oyster production and to standardize oyster performance for similar 
oyster size-classes for different regions and cultivating grounds (Fleury et al., 2001). A national 
network, called REMORA, has been put in place to monitor national and regional stations 
distributed over the main oyster production areas in France (Fleury et al., 2001). The PI for the 
whole French national network is 2 for 30g-oysters (from 18 to 30 months corresponding to the 
final year of production) (Fleury et al., 2001).  
In the Clyde and Shoalhaven Rivers similar size oysters but corresponding to the 3rd out of 
4 years of production had PIs figure of 1.33 and 1.41, respectively (Table 6-13). There are two 
possible explanations for this difference. The French oysters (mainly Pacific oysters 
Crassostrea gigas) grow faster than SRO and/or oyster mortality is higher for the SRO in the 
NSW south coast estauries. Annual oyster mortality in France is 7% compared with 12% in the 
Clyde R. for the ~30g oyster size-class. While the PI for the Shoalhaven were higher for all the 
size-classes than those in the Clyde R., all PI in the Clyde and Shoalhaven R. were under 2 
except for the small size-class oysters. These had high growth and high survival rates. It is 
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strongly suggested that a similar system to REMORA should be established in NSW and 
possible Australia to compare the performance of different growing regions. 
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Chapter 7: Diet of the Sydney Rock Oyster  
 
Oysters, are considered opportunistic filter feeders able to select particulates based upon 
size, quality and quantity (Loret et al., 2000). They have been shown to specifically target 
certain components of the suspended particulate organic matter (POM) (Paterson et al., 2003b; 
Danovaro et al., 2004; Kasai et al., 2004; Kasai and Nakata, 2005). Within POM, phytoplankton 
has been identified as the main food source of bivalves (Brown and Hartwick, 1988b). 
However, as discussed in Chapter 5, estuarine phytoplankton production can be limited by 
either lack of dissolved inorganic nutrients or due to high levels of turbidity as a consequence of 
sediment resuspension or terrestrial run-off. Consequently, oysters need to be able to find 
alternative food sources available when the latter conditions take place and, labile detritus 
derived from seagrass and mangroves and microphytobenthos have been suggested recently as 
potential food source for oysters (van der Eden, 1994; Smaal and Haas, 1997; Newell et al., 
2002; Webster et al., 2002; Tobias et al., 2003; Meleder et al., 2005). These food sources will 
vary according to availability and accessibility in different farming grounds.  
In this chapter the diet and food availability to the Sydney rock oyster (SRO) are explored 
at three sites of the Clyde River through the use of stable isotopes of carbon and nitrogen. Stable 
isotopes can provide useful information about food sources and trophic processes within an 
ecosystem, assisting in the identification of the origins of the food sources, as well as giving a 
measure of the carbon and nitrogen assimilated by the oyster over time (Fry and Sherr, 1984). 
7.1 Isotopic approach 
There are several different ways to understand the diet of an organism. These include 
direct observation of feeding behaviour, gut content analysis, and examination of essential 
constituents such as stable isotopes or nutrients within the tissues of an organism compared with 
its diet. These different approaches were discussed in Chapter 2 section 2.5.  
Here, stable carbon and nitrogen isotope ratios are used to estimate the origin and the 
contribution of different potential food sources to the SRO diet at different times in the year. 
Various studies using stable isotope techniques have identified trophic links between food 
sources and consumers. In some studies the food and consumer isotopic signatures were 
measured and the trophic fractionation was calculated based on the principle that consumers 
tend to be more enriched in the heavier isotope than their diet. The calculated trophic 
fractionation is generally compared to the well-accepted classical consumer enrichment factors 
of 3-4‰ for δ15N and 1‰ for δ13C (DeNiro and Epstein, 1978, 1981; Fry and Sherr, 1984; 
Peterson and Fry, 1987). 
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However, recent studies on various marine organisms, and particularly marine bivalves, 
have shown trophic fractionations that differ from the classical findings covering a range of –2.7 
to 3.4‰ for δ13C (average 0.4±0.12‰, N=111) and –0.8 to 5.9‰ for δ15N (average 2±0.2‰, 
N=73) (McCutchan et al., 2003). Histograms of the trophic fractionations reviewed by 
McCutchan et al (2003) are shown in Figure 7-1. They found that carbon fractionations did not 
vary significantly across the type of diet or consumer, but did vary across the type of tissue used 
in representing the consumer. For example, carbon fractionation in muscle samples was greater 
than in samples representative of the whole animal. This arises from the difference in isotopic 
fractionation between tissues within an animal reflecting metabolic fractionations due to 
different tissue turnover rates. Changes in the diet of an organism are known to create variations 
in the isotopic signatures of that organism (Rodelli et al., 1984; Hsieh et al., 2000). However, 
because of the time taken for the tissue to respond to a changing diet, concurrent measurements 
of tissue and diet signatures may provide erroneous estimates of fractionation. This is 
particularly important for short time-scale changes in diet, for instance following a rain event 
(section 7.9.6.1). McCutchan et al. also found that the mean trophic shift for carbon was slightly 
higher for consumers switching from enriched to depleted diets than for consumers feeding on 
constant diets (2003).  
 
 
Figure 7-1: Histogram showing estimates of trophic shift for C and N.   
Source: McCutchan et al., 2003 (p. 381). 
Note: Fluid-feeding consumers are indicated by dark bars. Raw data in Table 1 and 
Appendix  1 from McCutchan et al., 2003 (p. 381 and 388-90) 
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A review of a large number of published studies on marine organisms, including bivalves, 
has also found that the average trophic fractionation of δ13C varied across aquatic ecosystems, 
increasing from +0.2‰ for freshwater to +0.5‰ in estuarine and up to 1.1‰ for oceanic food 
webs (France and Peters, 1997). Similarly, nitrogen fractionation factors varied according to the 
type of diet. For example, high-protein diets produce a larger trophic shift than plant or algae 
diets. McCutchan et al. also identified a significant variation in the carbon and nitrogen trophic 
shift for whole-animal samples that were acidified during the preparation process compared 
with un-acidified samples. Fractionation factors increased in the un-acidified materials 
(McCutchan et al., 2003). 
Many studies have used stable isotope analysis to point out trophic links between primary 
producers and their consumers [see Fry and Sherr 1984 for a review]. Most of these studies 
looked at the spatial variation of isotopic composition for different invertebrates (Burns and 
Walker, 2000; Hsieh et al., 2000; Kasai and Nakata, 2005) but ignored the temporal variation. 
Many trophic stable isotope studies were performed at the ecosystem level and have examined a 
wide range of organisms from various trophic levels (Gearing et al., 1984; Rodelli et al., 1984; 
Cloern et al., 2002; Davenport and Bax, 2002; Vizzini and Mazzola, 2003). Fewer studies have 
concentrated on the significance of isotopic variations within a single species of bivalve with 
variable trophic inputs (Stephenson and Lyon, 1982; Riera and Richard, 1996; Hsieh et al., 
2000; Kasai et al., 2004; Kasai and Nakata, 2005). Very few studies have measured the isotopic 
signatures of the SRO (Moore, 2003; Piola, 2003; Piola et al., 2006) and these were in very 
eutrophic systems with higher nitrogen and chlorophyll-a levels than in the Clyde River in 
which oysters were used as biomonitors of sewage.  
7.2 Objectives 
In this chapter, the SRO diet was examined by comparing the carbon and nitrogen isotope 
signature of three organs of the SRO, the gills, gonad and adductor muscle, to the isotopic 
signatures of potential available food sources collected in an oyster farming environment in the 
Clyde River. The spatial and temporal availability of food sources along the Clyde River estuary 
during the winter and summer seasons were sampled. Oyster biodeposits, which includes both 
rejected unwanted particles and excess preferred foods, were analysed also. Because of the 
significant variations in fractionation between diet and consumers in the published literature, the 
implications of variability in fractionation are discussed here. Different fractions from potential 
food sources for the SRO diet were calculated using a concentration-weighted mixing model. A 
large flood event one month before the first sampling period, permitted exploration of the effect 
of rainfall on the SRO diet. 
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7.3 Water quality and oysters used for isotopic analysis 
7.3.1 Water quality during isotopic sampling 
Oysters, water samples and various particulate oyster food sources were collected from 
three sampling sites on two occasions during winter 2005 and on two occasions during summer 
2006. Sampling sites Site1, Site2 and Site3 in this chapter correspond to the sampling sites 
Clyde-2, Clyde-5 and Clyde-8, respectively (see map, Figure 4.1- in Chapter 4). These three 
locations were chosen in order to represent an oceanic site (Site1), a large creek, Mogo Creek, 
entering the Clyde R. at the midstream (Site2) and, an upstream site (Site3). Sampling dates 
during winter 2005 are referred in this chapter as winter1 (1/8/2005) and winter2 (27/9/2005). 
Similarly in summer 2006, sampling dates are referred to as summer1 (8/1/2006) and summer2 
(23/1/2006). 
Detailed information on water quality in the Clyde R was presented in Chapter 5. A brief 
summary of the water quality parameters during the isotopic sampling period is presented in 
Figure 7-2. A month before the first isotope sampling a large rain event took place (2/7/05, 
Flow=50,000 ML/day) flushing the estuary with freshwater to the mouth and bringing large 
amounts of nutrients into the river (Chapter 5). River discharge remained low (200-50 ML/day) 
until early November 2005 when a second large rain event occurred (2/11/05, Flow=20,000 
ML/ day), between the winter and summer sampling periods. Additional small rains (Flow 
~2,000ML/ day) also occurred during the summer sampling period (Figure 7-2). The average 
salinity for all sampling locations was lower than the average values recorded under the dry 
conditions that persisted during the first 1.5 years of sampling. Concentrations of TN, NOx, 
TOC and Chl-a were higher during winter1 than for the rest of the sampling dates. These 
remained relatively constant with only slight drop in summer2. TSM and POM (Figure 7-2,d) 
were an exception to this pattern. Their concentrations remained relatively constant throughout 
the sampling dates except for summer2, when TSM increased and POM decreased at the mid- 
and downstream sites. This is consistent with rainfall inputs of inorganic sediment in the lower 
catchment. The reverse patterns, however, was found at Site3 for TSM and POM suggesting 
sources of POM from the upstream catchment. Levels of FRP-P were below the laboratory 
detection limit for all the sampling dates except for winter1. Water temperature increased on 
average 10ºC from the winter to the summer sampling (Figure 7-2,a). 
Site2, the midstream Mogo Creek, showed slightly higher levels of nutrients and seston 
during the summer sampling compared to the other two sites. This site showed consistently 
higher levels for TSM, POM, TN, TP, TOC and Chl-a during the isotopic sampling but this 
pattern is not typical of the longer-term data in Chapter 5. 
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Figure 7-2: Physico-chemical data for 3 sites in the Clyde R. for the isotopic sampling 
dates [winter=Aug & Oct 05 and summer= Jan & Feb 06]. (a) Temperature 
(ºC); (b) salinity (ppt); (c) water flow at Brooman (ML/ day); (d) total 
suspended matter (-) and particulate organic matter (..) mg/L; (e) 
chlorophyll-a (µg/L); (f) total nitrogen (-) and oxidase of nitrogen (..)  
mg N/L; (g) total phosphorus (-) and filterable reactive phosphorus (..)  
mg P/L; and (h) total organic carbon (mg C/L) 
Notes: (c) Y-axis in flow plot was cut off for clarity. Flow levels for 5/11/05 reached 
20,000 ML/day.  Flow levels in mid July 2005 reached 50,000 ML/day (not shown) 
Sampling dates correspond to winter-1: 1/8/05; winter-2: 27/9/05; summer-1: 
10/1/06; summer-2: 23/1/06. Site-1 (oceanic); Site-2 (midstream creek) and Site-3 
(upstream) 
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7.3.2 Oyster morphometry and flesh condition  
Oysters chosen for this experiment were part of the ‘growth experiment’ (section 4.3.1 and 
6.1.1) in the Clyde R. Oysters for the isotope analysis were chosen randomly at each site. Two 
fixed-factor ANOVAs (Factors: Season [winter and summer] and Site [Sites 1, 2 and 3]) were 
used to test for significant differences in oyster condition index and growth rates. Post-hoc 
comparisons of means were conducted using Tukey’s multiple comparison test.  
The long-term growth performance of the oyster groups used for the isotopic analysis is 
presented in Chapter 6 section 6.1.1. These results showed that oysters at Site1 grew faster than 
oysters at any other locations (Figure 7-3, b), except during long dry periods, when oysters at 
Site3 performed almost as well as oysters at Site1. In general, oysters at Site2 had the lowest 
growth rates for the whole estuary probably as a consequence of higher turbidity levels, lower 
flushing and a greater oyster stocking density at this site.  
It is possible that isotopic signatures for the oyster gonad may vary in relation to gonad 
development or to the seasonal physiological activity of oysters. As a result, condition index 
(C.I., a ratio of flesh to shell weight, see methodology 4.3.1.2 in Chapter 4) was measured to 
complement the isotopic measurements of the oyster gonad. The C.I. was, as expected, 
significantly higher in summer than in winter (ANOVA, F=6.73, P=0.013). Oysters sampled in 
winter had impoverished gonads as a result of spawning. There was more variability in the C.I. 
during summer than in winter, as oysters during the summer sampling were at different stages 
of gonadal development.  
 
Figure 7-3: (a) Condition index and (b) weight increase (g) at three sampling sites in the 
Clyde R. during winter 05 and summer 06 only for the oysters used in the 
isotope analysis. 
  
A. Rubio Chapter 7 Page 195 
7.4 Analysis of oyster tissues 
7.4.1 Statistical analysis 
Four oysters were sampled at each sampling site on each sampling occasion, twice in 
winter and twice in summer. Three-factor ANOVAs with two fixed factors (Location (3) and 
Season (2)) and a third factor for the sampling dates (Batch (4)) nested within Seasons were 
used to test for significant differences in oyster isotopic signatures for each of the three SRO 
tissues.  
The lack of normality and uneven variances found in the carbon isotopic signature for 
oyster tissues during winter2 as a result of the large rain event in July 2005, meant that these 
values were not included in the ANOVA analysis. As a consequence, δ13C ANOVA analyses for 
oyster tissues and whole oyster included only winter1, summer 1 and summer2 data. 
7.4.2  Isotopic composition of SRO tissues 
Preliminary studies showed that each of the SRO gill, gonad and adductor muscle tissues 
sampled had a markedly different carbon and nitrogen isotopic signature. Preliminary studies 
also demonstrated that isotopic signatures for the whole body showed a high degree of 
variability. This arose because samples were not sufficiently homogeneous and raises doubts 
over studies that use the whole animal for the analysis (Yokoyama and Ishihi, 2003), 
particularly when only small amounts of material (~2mg) are required for isotopic determination 
or where a single organ is used to represent the whole animal (Kasai et al., 2004; Kasai and 
Nakata, 2005). Signatures were therefore obtained from the different organs and, where 
required, were combined using a weighed average to give an estimate of whole-body signature 
(see section 7.4.2.1). In contrast to other SRO isotopic studies (Moore, 2003; Piola et al., 2006), 
the gonad was chosen here instead of the viscera because seasonal variations in the isotopic 
signatures of the gonad were expected, reflecting seasonal gonad development. 
The average isotopic composition of muscle, gill and gonad are listed in Table 7-1. They 
ranged from –31 to –19‰ for δ13C and from 6 to 10‰ for δ15N and are consistent with previous 
studies (Piola et al., 2006). Similar results have been reported for SRO (Moore, 2003; Piola et 
al., 2006) and other bivalves species (Raikow and Hamilton, 2001; Lorrain et al., 2002; Moore, 
2003; Piola et al., 2006). For each group of oysters at each site, the isotopic signatures fell into 
distinctive groups for each of the three oyster tissues. These values retained the same relative 
order during all sampling periods. Within sites, muscle was consistently more enriched than the 
gills in 13C by 1.5 to 1.8‰ and in 15N by 1.2 to 1.4‰. The gills in turn were more enriched than 
the gonads by 1.2 to 1.9‰ in 13C and by 0.8 to 1.1‰ in 15N (Figure 7-5). In addition, oysters 
from Site1 showed distinctively enriched carbon isotopic composition (i.e. less negative δ13C 
values) than oysters from Site2 and Site3 (Table 7-2). Similarly, oysters from Site2 were in 
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general more carbon-enriched than those in Site3, except during winter2 when oysters at Site2 
showed a remarkable decrease in δ13C values with a difference of 5‰ (see Figure 7-4 and Table 
7-2).  
With the exception of the winter2 sampling, which was affected by heavy rainfall, isotopic 
values of carbon and nitrogen for all tissues had similar variability within sites and among 
sampling times. However, the values for δ 15N- gonad were significantly different for oysters 
from Site1 in winter1 and summer2 (see interaction term in Table 7-2). In general Site2 showed 
the least variability between sampling dates and seasons. Site1 had some variability, but not at a 
significant level between sampling periods. The larger variability found in Site3 was caused by 
nitrogen-enriched signatures during winter1 compared to samplings during summer (Figure 
7-4).  
Isotopic signatures for the potential sampled food sources are included in Table 7-1 and are 
discussed in detail in Section 7.5. 
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Table 7-1: Average δ15N and δ13C values (±SE) for oyster tissue (gill, gonad and muscle), 
‘calculated whole oyster’ (δ-whole) and major primary food sources 
collected at 3 sampling sites in winter 2005 and summer 2006 in the Clyde 
River (N=4 for tissues and biodeposits; N=3 for other sources) 
  δ 15N  δ 13C 
  winter 1 winter 2 summer 1 summer 2  winter 1 winter 2 summer 1 summer 2
Gill Site 1 8.9±0.05 8.1±0.40 8.1±0.23 8.8±0.05 -20.4±0.29 -25.1±1.66 -20.0±0.38 -20.5±0.26
 Site 2 8.2±0.12 8.0±0.25 8.0±0.11 8.0±0.11 -23.2±0.69 -30.9±2.33 -23.0±0.27 -23.0±0.27
 Site 3 8.2±0.23 7.6±0.25 7.2±0.08 7.4±0.17 -24.4±1.39 -29.2±1.87 -24.9±0.12 -24.7±0.12
          
Gonad Site 1 8.0±0.16 7.0±0.30 7.3±0.07 8.1±0.05 -21.4±0.40 -26.5±1.81 -21.3±0.48 -21.7±0.37
 Site 2 6.8±0.19 6.8±0.18 7.0±0.05 7.0±0.09 -24.8±0.18 -31.0±2.5 -24.8±0.30 -24.6±0.41
 Site 3 7.1±0.15 6.4±0.32 6.3±0.13 6.5±0.17 -26.6±1.02 -30.2±1.72 -26.7±0.21 -26.2±0.86
          
Muscle Site 1 9.6±0.10 8.9±0.43 9.2±0.14 10.5±0.15 -19.8±0.58 -24.5±1.85 -19.1±0.24 -19.2±0.15
 Site 2 9.5±0.21 8.0±0.46 9.2±0.14 9.9±0.24 -21.7±0.26 -30.7±2.32 -21.6±0.22 -21.2±0.07
 Site 3 9.1±0.37 8.6±0.21 8.8±0.05 9.0±0.16 -23.3±0.93 -27.2±1.86 -23.2±0.08 -23.2±0.08
          
Biodeposit Site 1 5.3±0.11 ns 5.1±0.08 5.7±0.18 -20.8±0.55 ns -17.8±0.17 -12.7±0.86
 Site 2 4.6±0.09 ns 4.1±0.42 4.6±0.13 -23.2±0.24 ns -18.7±1.95 -21.3±0.41
 Site 3 4.3±0.15 ns 4.8±0.09 4.5±0.16 -18.5±1.29 ns -20.7±0.64 -23.3±0.64
          
POM Site 1 4±0.43 4±0.51 3±0.28 6.4±0.1 -21.9±1.26 -19.9±0.38 -20.6±0.11 -23±0.07 
 Site 2 4.9±0.52 4.5±0.33 2.5±0.21 5.8±0.2 -24.3±0.95 -20.8±0.63 -23.6±0.04 -24±0.03 
 Site 3 3.7±0.53 4.2±0.35 3.1±0.25 5.8±0.29 -23.8±0.28 -24±0.34 -24.1±0.06 -24.9±0.03
          
SOM Site 1   2.8±0.11 4.3±0.09   -13.7±0.02 -15.9±0.22
 Site 2   3.6±0.25 4.8±0.02   -23.9±0.1 -23.1±0.42
 Site 3   5.1±0.07 6.3±0.001   -24.8±0.16 -23.6±0.08
          
Seagrasses Site 1 6.3 ± 0.05  4.9 ± 0.04  -8.7±0.05  -9.3±0.01  
 Site 2 -  -  -  -  
 Site 3 5.3 ± 0.02 5.9±0.1 5.0 ± 0.84  -13.6±0.02 -13.6±0.07 -12.7±0.05  
          
Epiphytes Site 1 4.9±0.28  6.3 ± 0.05  -10.6±0.12  -10.3±0.02  
 Site 2 -  -  -  -  
 Site 3 3.2±0.77  5.3 ± 0.02  -13.3±0.2  -13.7±0.22  
          
δ-whole Site 1 8.6±0.08 7.7±0.36 8±0.23 8.3±0.34 -20.8±0.12 -25.7±1.76 -20.5±0.41 -21±0.19 
 Site 2 7.8±0.11 7.4±0.25 7.7±0.12 7.7±0.08 -23.6±0.22 -25.3±4.81 -23.7±0.17 -23.6±0.27
 Site 3 7.9±0.18 6.8±0.58 7±0.1 7.2±0.18 -25.1±0.45 -29.4±1.8 -25.7±0.13 -25.2±0.24
          
          
  Site 1 Site 2 Site 3   Site 1 Site 2 Site 3  
Benthic diatoms 3.6±0.12 3.9±1.67   -23.8±0.07 -24.03±0.03   
Mangrove   5.6±0.02 4.2±0.45   -26.8±0.91 -24.8±0.45  
Brown 
macroalgae   5.6±0.21    -20.1±0.97  
Green 
macroalgae   4.1±0.21    -15.2±0.69  
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Figure 7-4: Mean (±SE, n=4) carbon and nitrogen isotope values for oyster muscle, gill 
and gonad tissue sampled from three sites on the Clyde R. during winter 2005 
(n=2, winter1 and winter2) and summer 2006 (n=2, summer1 and summer2) 
Note: The same axis range was used for all plots to facilitate comparison. During 
winter2 there was an overall shift towards depleted carbon signatures for all oyster 
tissues, in addition to a major shift of Site2 becoming the most carbon depleted site. 
Ellipses encircle data points from the same organ or the same site to simplify 
visualization of plots. 
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Figure 7-5: Comparisons of mean (±SE, n=12) carbon and nitrogen isotope values for 
oyster muscle, gill and gonad tissue sampled from three sites on the Clyde R. 
over two seasons: winter and summer. 
Note: Results from winter2 were not included in this plot for clarity, as tissues 
reflected incorporation of the light carbon as a result of the terrestrial input from 
the July 2005 rainfall event. Plot including winter2 results is shown in Appendix I, 
Figure IV 
7.4.2.1 Estimated isotopic signatures of the whole oyster 
To identify which food sources dominate in the SRO diet an overall isotopic signature for 
the whole oyster rather than for just the individual tissue types was calculated. The variability 
associated with each of the tissues included in the calculation of the whole oyster must still 
however be considered. A similar approached has been used by Lorrain et al.(2002) and Piola et 
al.(2006).  
The overall isotopic signature, δ-whole, is defined as: 
∑ ×=− tissue tissuetissue pDWXwhole δδ        [7-1] 
where δ-whole is the overall oyster isotopic value for each oyster and tissue includes gill, 
muscle, gonad and viscera (excluding gonad). The δ X is the δ13C or δ15N isotopic value for 
each tissue and pDW is the proportion of the whole body made up of that tissue. In this study 
gonad, but not whole viscera, samples were taken. In addition, pDWgonad could not be directly 
measured due to the difficulty in isolating the gonad from the remaining viscera. The amount of 
gonad in the viscera varies substantially across seasons. An estimate of the pDWgonad was made 
by treating the condition indices (CI) of the sampled oysters as a measure of the proportion of 
gonad to the viscera mass (Figure 7-3). It was further assumed that a CI of 80 corresponds to an 
oyster with minimal gonad development while a CI of 243 corresponds to a situation where 
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oysters are fat with 85% of the viscera as gonad (Figure 7-3). These CI levels were selected as 
being representative of the extreme values in CI generally found during this investigation. Dry 
weights (DW) for the different tissues were measured in the laboratory, from three oysters with 
high CI from each of the sampling sites. The %DW proportions for each tissue were calculated 
from the average value of these three oysters. The average values used for pDW of each tissue 
are 11±1.05, 23±0.27 and 66±1.52 for the muscle, gills and remaining-viscera, respectively. 
Variability in the results for δ-whole can be affected if the isotopic signatures for any of the 
tissues are highly variable, especially for the gonad of ripe oysters whose volume could account 
for almost all the entire SRO body mass. 
Estimated values for δ-whole from equation [7.1] are included in Table 7-1 and are plotted 
in Figure 7-12, Figure 7-13 and Figure 7-14. Mean values for δ-whole ranged from –20 to –
29‰ and 6.5 to 8.3‰ for δ13C and δ15N, respectively (n=12). The δ-whole from the oceanic site 
was significantly more carbon than δ-whole from the upstream sites (ANOVA, F=391.7, 
P<0.001), in a similar fashion to the individual tissues. There was no significant difference in 
the carbon or nitrogen content between seasons for δ-whole (Table 7-2). Increased intra-site 
variability in the isotopic signatures of the SRO tissues occurred only during winter2 (Figure 
7-4). During this sampling, both carbon and nitrogen isotopes were depleted for all SRO tissues, 
as discussed in 7.4.2. 
Table 7-2: Analysis of variance of δ13C and δ15N for three tissues and whole-oyster for 
SRO from three sites (L, location) in the Clyde R. for three sampling dates 
(B, Batch): one in winter 2005 and two in summer 2006 (S, Season) 
 df MS F        P MS F       P MS F      P MS F      P 
δ15 N  Muscle Gill Gonad Whole oyster 
L 2 1.82 2.87    ns 3.11 13.95  * 4.4 10.65  * 2.32 4.45  ns 
S 1 2.61 0.63    ns 0.57 0.56    ns 0.00 0.01    ns 0.28 0.18  ns 
B(S) 2 4.14 6.53    ns 1.03 4.64    ns 1.22 2.96    ns 1.16 14.01 * 
LxS 2 0.62 0.99    ns 0.41 1.88    ns 0.34 0.84    ns 0.52 6.31  ns 
LxB(S) 4 0.63 2.49    ns 0.22 1.42   ns 0.41 3.28    * 0.08 0.48  ns 
Error 36 0.25  0.16  0.12  0.17  
          
δ13 C  Muscle Gill Gonad Whole oyster 
L 2 43.4 296.8  *** 50.3 252.3  *** 69.4 158.90 *** 55.73 391.7 *** 
S 1 0.17 7.17    ns 0.01 0.19    ns 0.11 2.16     ns 0.12 0.03   ns 
B(S) 2 0.22 0.15    ns 0.05 0.24    ns 0.05 0.12     ns 0.00 0.00   ns 
LxS 2 0.03 0.20    ns 0.31 1.56    ns 0.07 0.02     ns 0.14 0.34   ns 
LxB(S) 4 0.14 0.65    ns 0.22 0.63    ns 0.43 1.12     ns 0.42 1.48   ns 
Error 36 0.23  0.31  0.39  0.28  
          
Note: Each tissue was analysed separately for δ15N and δ13C signatures 
 *P≤0.05; **P≤0.01; ***P≤0.001; ns, no significant difference 
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7.4.3  Composition of SRO tissue 
Carbon and nitrogen content for the muscle, gill and gonad were obtained concurrently to 
the isotopic ratio measurements and whole-body (%-whole) calculations of carbon and nitrogen 
content were calculated using a similar approach to that in section 7.4.2.1. The mean results are 
listed in Table 7-3. In general, the carbon content for the three tissues did not vary significantly 
across sampling sites or seasonally (Table 7-4), although carbon values in the gonad during 
summer were slightly higher than during winter. The gonad had, on average, the largest carbon 
content (47.1±0.5%) followed by the muscle (46.2±0.4) and then the gill (44.1±0.4%) (Figure 
7-6). Carbon content variability was small in all the cases except for all tissues in winter1. 
Nitrogen content of the tissues varied more than for carbon, with the highest content in the 
muscle (12.7±0.1), followed by the gill (8.6±0.1) and the gonad (7.1±0.3). Nitrogen contents 
generally did not vary between sampling sites, except for levels in the gill between Site1 and 
Site3 (ANOVA, P ≤0.05, Table 7-4). In addition, only small seasonal differences were seen for 
the muscle and gills but significant seasonal differences occurred in the nitrogen content of the 
gonad (ANOVA, P ≤0.05). The lowest nitrogen content recorded in the gonad occurred at 
winter1. Nitrogen contents increased over time, reaching the highest values in summer. 
Nitrogen content was not only different between seasons but also within the sampling dates for 
each season (ANOVA, P≤0.001, Table 7-4). Nitrogen results during winter1 also had the largest 
variability.   
C:N ratios were calculated based on the nitrogen and carbon content for each tissue type 
and for %-whole. Average C:N ratios increased from the muscle (3.6±0.03) through the gill 
(5.2±0.008) to the gonad (7.1±0.3). C:N values were highly variable in the gonad across 
sampling sites, seasons and within sampling batches. C:N values for the gill showed a 
significant ocean-to-estuarine gradient (ANOVA, P≤0.01, Table 7-4) increasing upstream. The 
%-whole showed seasonal differences with higher nitrogen content over summer (Figure 7-6). 
In summary, nitrogen content for all three tissues and %-whole increased from winter to 
summer, while only the carbon content in the gonad increased over the same time. Oysters for 
each sampling location appear to have variable nutrient content and isotopic signature across 
batches even within the seasons (Table 7-2 and Table 7-4). 
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Table 7-3: Average %N and %C values (±SE) for oyster tissue (gill, gonad and muscle), 
‘calculated whole oyster’ (δ-whole) and major primary food sources collected at 3 
sampling sites in winter 2005 and summer 2006 in the Clyde River (N=4 for tissues 
and biodeposits; N=3 for other sources) 
  % N  % C 
  winter 1 winter 2 summer 1 summer 2  winter 1 winter 2 summer 1 summer 2 
Gill Site 1 8.8±0.6 8.4±0.7 9.1±0.8 9.7±0.5  43.5±1.1 45.1±1.6 42.5±1.8 45.3±0.8 
 Site 2 8.0±1.4 8.1±0.4 9.0±0.5 9.3±0.5  41.2±7.3 46.6±0.6 42.2±1.6 44.5±0.6 
 Site 3 7.8±0.8 7.9±0.7 8.3±0.2 9.1±0.2  43.5±4.4 46.3±1.7 43.9±0.8 44.9±0.6 
           
Gonad Site 1 6.4±0.8 5.0±0.6 8.2±1.0 9.2±0.7  45.4±1.7 45.8±1.0 45.4±4.1 48.9±5.7 
 Site 2 5.4±0.4 4.5±0.6 8.7±0.6 9.3±0.8  46.3±1.8 47.2±0.7 48.3±0.3 49.3±2.6 
 Site 3 6.3±2.0 5.1±0.3 8.5±0.4 9.3±1.7  45.5±9.2 46.6±0.9 48.7±0.8 48.5±2.5 
           
Muscle Site 1 10.5±1.2 12.3±0.3 13.1±0.5 14.0±0.3  42.2±3.5 48.0±1.4 46.1±1.2 47.1±0.3 
 Site 2 13.0±0.5 12.3±0.8 12.8±0.4 13.6±0.1  46.5±0.8 47.6±0.5 46.2±0.4 47.0±0.7 
 Site 3 11.9±1.9 12.4±0.2 13.1±0.2 12.9±0.2  44.1±7.4 46.8±1.6 46.5±0.6 46.5±0.5 
           
Biodeposit Site 1 0.41±0.01  0.24±0.01 0.42±0.02  6.27 ± 0.16  3.78 ± 0.19 6.94 ± 0.51 
 Site 2 0.34±0.01  0.21±0.02 0.37±0.01  5.35 ± 0.1  3.87 ± 0.26 4.91 ± 0.13 
 Site 3 0.66±0.01  0.26±0.03 0.53±0.02  7.05 ± 0.07  3.65 ± 0.32 6.5 ± 0.24 
           
POM Site 1 0.2±0.02 0.19±0.05 0.15±0.01 0.26±0.01  3.75 ± 0.46 2.94 ± 0.75 2.09 ± 0.05 2.56 ± 0.04 
 Site 2 0.2±0.02 0.15±0.02 0.22±0 0.52±0  2.74 ± 0.22 2.41 ± 0.14 3.25 ± 0.05 5.82 ± 0.03 
 Site 3 0.17±0.02 0.1±0.03 0.34±0.01 0.32±0  2.47 ± 0.19 1.68 ± 0.48 4.29 ± 0.02 2.74 ± 0.03 
           
SOM Site 1   0.09±0 0.09±0    2.57 ± 0.08 2 ± 0.02 
 Site 2   0.19±0 0.23±0    3.63 ± 0.01 3.82 ± 0.08 
 Site 3   0.04±0 0.03±0    0.71 ± 0.06 0.38 ± 0.03 
           
Seagrasses Site 1 2.15±0.01  2.07±0   34.2 ± 0.57  36.7 ± 0.03  
 Site 2 -  -   -  -  
 Site 3 2.18±0.04 1.26±0.01 1.52±0.02   22.1 ± 0.41 29.6 ± 2.8 32.8 ± 0.44  
           
Epiphytes Site 1 1.93±0.01  1.79±0.04   21±0.04  19±0.03  
 Site 2 -  -   -  -  
 Site 3 1.75±0.02  1.08±0.01   16.1±0.15  16.9±0.24  
           
%-whole Site 1 8±0.36 7.3±0.35 9.4±0.47 10.1±0.18  43.9±0.5 45.9±0.41 44.8±1.35 47.7±1.54 
 Site 2 7.7±0.46 6.9±0.28 9.5±0.29 9.9±0.29  44.5±1.65 47±0.25 45.9±0.4 47.5±0.71 
 Site 3 7.9±0.47 7.2±0.09 9.1±0.1 9.8±0.37  44.2±2.32 46.5±0.64 46.9±0.31 47±0.61 
           
           
  Site 1 Site 2 Site 3   Site 1 Site 2 Site 3  
Benthic diatoms 0.07±0.0 0.12±0.0    1±0.01 1.8±0.06   
Mangrove   1.14±0.01 1±0.05    37.1±0.16 27.7±0  
Brown 
macroalgae   1.65±0.2     10.56 ± 1.3  
Green 
macroalgae   2.02±0.12     22.7 ± 0.69  
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Figure 7-6: (A-D) % Nitrogen; (E-H) % Carbon; (I-L) C:N ratio (n=4) for SRO 
muscle; gill, gonad and whole oyster for three sampling sites in the Clyde R. twice 
in winter 2005 and twice in summer 2006 
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Table 7-4: Analysis of variance of %N, %C and C:N ratio for three tissue types and 
whole-oyster for SRO from three sites (L, location) in the Clyde R. for two 
sampling dates (B, Batch) in winter 2005 and two in summer 2006 (S, 
Season)  
 df MS F        P MS F       P MS F      P MS F      P 
%N  Muscle Gill Gonad Whole oyster 
L 2 0.52 0.65      ns 2.04 14.15    * 0.43 5.14     ns 0.18 9.06    * 
S 1 11.6 11.92    ns 9.89 10.34    ns 143.7 25.49   * 53.68 19.77  ns 
B(S) 2 0.89 1.12      ns 0.95 6.61      ns 5.63 66.08   *** 2.71 136.7  *** 
LxS 2 1.02 1.27      ns 0.14 0.97      ns 1.12 13.07   * 0.23 11.72  * 
LxB(S) 4 0.8 1.52      ns 0.14 0.31      ns 0.085 0.09     ns 0.019 0.04    ns 
Error 36 0.53  0.46  0.938  0.446  
          
%C  Muscle Gill Gonad Whole oyster 
L 2 4.99 0.84    ns 4.18 0.92    ns 9.84 2.67    ns 1.9 0.94    ns 
S 1 5.92 0.18    ns 3.36 0.08    ns 61.63 5.89    ns 20.13 0.87    ns 
B(S) 2 32.8 5.52    ns 43.82 9.64    * 10.47 2.84    ns 23.17 11.39  * 
LxS 2 4.23 0.71    ns 0.02 0.00    ns 0.84 0.23    ns 0.48 0.24    ns 
LxB(S) 4 5.92 0.96    ns 4.54 0.62    ns 3.69 0.25    ns 2.03 0.43    ns 
Error 36 6.21  7.33  14.51  4.76  
      
C:N  Muscle1 Gill1 Gonad1 Whole oyster1 
  (10-2)  (10-2)  (10-2)  (10-2)  
L 2 0.019 0.48    ns 0.69 12.04  * 0.53 37.59  ** 0.12 5.64     ns 
S 1 0.85 3.17    ns 3.0 7.75    ns 47.8 15.79   ns 11.1 8.53     ns 
B(S) 2 0.22 5.76    ns 0.4 6.84    ns 3.02 212.8   *** 1.3 57.48   *** 
LxS 2 0.034 0.87    ns 0.04 0.64    ns 0.59 42.14    ** 0.11 4.9       ns 
LxB(S) 4 0.04 2.03    ns 0.058 0.47    ns 0.014 0.05      ns 0.02 0.16     ns 
Error 36 0.02  0.12  0.275  0.14  
          
Note: Each tissue type was analysed separately for %N and %C signatures. 
(1) Data Log10 transformed in order to meet Bartlett’s test of homogeneity of 
variance 
*P≤0.05; **P≤0.01; ***P≤0.001; ns, no significant difference  
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7.5  Analysis of food sources 
Three samples were taken at each location in each sampling batch for POM and oyster 
biodeposits, with the exception of biodeposit samples in winter2 which were not taken due to 
bad weather. Three replicates samples were collected of potential food sources from the 
sediment beneath the oyster leases, seagrasses (Zostera capricorni) and their epiphytes, 
mangroves (Avicenia marina), brown and green (Ulva spp) macroalgae and, benthic diatoms 
embedded in the sediment close to oyster leases. The methodology chosen to extract diatoms 
from the sediment samples, as explained in Section 4.4.2 of Chapter 4, was problematic. This 
meant that signatures were reduced to 3 readings from two sediment samples each at a different 
location (Site1 and Site2). Differences between locations and seasons in the suspended organic 
matter (POM) values were tested using the Kruskall-Wallis test, and pairwise comparisons 
using Dunn’s test. Orthogonal fixed two-factor ANOVA analysis was used for biodeposit data 
in order to test for significant differences between locations and seasons. 
7.5.1  Primary sources and potential food sources 
7.5.1.1  Suspended organic matter (POM)4 
On each sampling occasion, POM δ13C exhibited a significant gradual 13C-enrichment 
from upstream to oceanic waters (Krukal-Wallis, H=14.81, P<0.001, Table 7-5 and Figure 7-7). 
The average δ13C values for Site1, Site2 and Site3 were –21.3±0.55‰, -23.29±0.52‰, -
24.15±0.18‰, respectively (Table 7-1). POM δ13C for Site2 were between levels of Site1 and 
Site3, suggesting a possible mixture of materials from both sources. The POM δ15N levels did 
not vary between seasons or sampling sites. Overall values of %Nitrogen of POM were 
generally low. However, the nitrogen concentrations of POM for summer were significantly 
higher than for winter, especially for summer2 (Kruskal-Wallis, H=13.51, P<0.001, Table 
7-5).On average summer values were 0.30±0.1 and winter values were 0.18±0.01 (Table 7-3).  
                                                     
4 POM is used for consistency with other authors and refers to the particles included in seston. 
For more information see Chapter 4, Methodology, section 4.4.2  
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Figure 7-7: Suspended particulate organic matter (POM) for δ13C (‰) and δ15N (‰) 
values from three sampling sites in the Clyde R over two seasons (winter 
2005 and summer 2006) 
The POM δ15N for all sites in summer1 were smaller than the other sampling dates, even 
though the δ13C values did no show such a difference. The C:N ratios for POM did not vary 
across sampling sites but varied significantly between seasons (Kruskal-Wallis, H=18.64, 
P<0.001, Table 7-5). On average C:N ratios ranged from 15.9±0.5 in winter to 11.76±0.6 in 
summer. C:N ratios of POM were positively correlated with concentrations of Chl-a in the water 
column (R2= 0.4, Figure 7-8). The highest concentrations recorded for Chl-a during the isotope 
samplings were in winter1 sampling. This was probably influenced by the July 2005 flood 
event, that brought a large amount of nutrients into the river and increased the primary 
production, as described in Chapter 5. 
y = 0.0689x + 0.1573
R2 = 0.3972
0
0.4
0.8
1.2
1.6
2
5 9 13 17 21
C:N POM
C
hl
-a
 (u
g/
L)
 
Figure 7-8: Relationship between Chl-a (µg/ L) and C:N ratios of POM in the water 
column in the Clyde River 
The δ15N of POM was negatively correlated with POM:TSM ratios in the water column 
(R2= 0.67, Figure 7-9) demonstrating nitrogen isotope enrichment at higher concentrations of 
non-organic matter in the water column. In contrast to nitrogen, POM δ13C signatures were 
poorly related to POM:TSM suggesting that the spatial differentiation found previously in the 
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carbon signatures of the suspended matter is mainly a consequence of the inorganic matter 
suspended in the water column. 
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Figure 7-9: Relationship between δ15N of POM and TSM:POM ratios in the water 
column in the Clyde River 
Food quality, in terms of increasing C:N ratio levels, declined slightly from summer to 
winter as shown in Figure 7-10. Data points for winter2 were not plotted, as biodeposits were 
not collected during this sampling period due to harsh weather conditions. However POM-C:N 
ratios in winter2 were on average 15.7±0.6, which is indicative of lower quality food. The C:N 
ratios of the biodeposits are in most cases above the 1:1 line (Figure 7-10). This suggests that 
SRO seems to preferentially absorb nitrogen from the overall food pool as biodeposits contain 
high levels of carbon.  
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Figure 7-10: Relationship between biodeposits carbon:nitrogen ratio and 
carbon:nitrogen ratio of the food (as POM) for three sampling periods. The 
thick line marks the 1:1 ratio. 
Note: ratios for winter2 were not shown because biodeposits were not collected due 
to weather conditions 
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7.5.1.2 Sediment organic matter (SOM)5 
Carbon and nitrogen isotopic signatures of the surficial sediment (SOM), taken from below 
the oyster leases, differed significantly between samplings sites. While δ15N of SOM increased 
along the estuarine gradient towards the upstream locations, the δ13C values became depleted 
(Table 7-1). However, carbon and nitrogen content at the upstream site was extremely low. The 
δ13C SOM levels were more enriched at the oceanic site (Site1) than at the other two sites and 
carbon and nitrogen contents at Site1 were in between those for Site2 and Site3. Marked 
differences in the sediment carbon and nitrogen content were observed. For instance, sediments 
in Site2 were highly enriched compared with Site1, and both were, in turn, more enriched than 
Site3 (Figure 7-11). 
POM and SOM values for carbon and nitrogen isotopic signatures were in the same range 
except for δ13C in Site1 and δ15N in Site3 (Figure 7-12 and Figure 7-13). However, there was a 
decrease in the nitrogen content between the suspended matter in the water column and the 
sediments (Figure 7-11). POM %C exhibited a similar range to the SOM except for some high 
values at Site2. Nitrogen and carbon content in the suspended matter showed more variability 
within sites with no distinct groups, as found within the SOM.  
 
Figure 7-11: Carbon (%) content vs. nitrogen (%) content for a) suspended particulate 
organic matter (POM) in surface waters and B) surficial sediments (SOM) 
under oyster leases for three sites in the Clyde River 
7.5.1.3 Benthic diatoms 
Benthic diatoms from the sediment under the oyster leases were expected to have similar 
isotopic composition to the SOM results presented in section 7.5.1.2. This was the case in Site2 
and Site3, see δ13C-δ15N map for SOM (Figure 7-14). Benthic diatom isotopic signatures were 
more carbon depleted (more negative values) than the SOM at the oceanic site, Site1 (Table 
7-1). 
                                                     
5 SOM samples on some occasions could be part of the POM fraction if this material is 
resuspended and becomes part of the suspended material in the water column 
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Sediments under the leases had higher carbon and nitrogen contents than the benthic 
diatoms in Site2 but not at Site3. Sediments in Site3 were primarily sandy so carbon and 
nitrogen contents were low compared with the other sites, where field observations revealed 
sediments were mainly mud. Direct measurements of benthic microalgae were made in this 
study. However, due to problems in the methodology for extracting diatoms from the sediment, 
the number of samples obtained was limited (see Methodology, Chapter 4, section 4.4.2). 
Microscopic observations of the extracted benthic microalgae showed a majority of large 
benthic diatoms (e.g. Skeletonema sp.; Coscinodiscus sp.). The δ13C values of these diatoms 
averaged –23.9±0.08‰ and the δ15N values averaged 3.8±0.9‰. Published isotopic signatures 
of diatoms are quite variable. The values here are similar to studies that refer to the benthic 
organic material as microphytobenthos (Cloern et al., 2002; Melville and Connolly, 2003).  
7.5.1.4 Other food sources 
Mangrove isotopic signatures had the most carbon-depleted component of the potential 
food sources sampled in this study. However, their nitrogen and carbon isotopic signatures do 
suggest mangroves as potential food sources for SRO due to the trophic fractionation levels 
between the mangroves and the whole-oyster isotopic signatures of 3-4‰ for 15N and 0-2‰ for 
13C (Figure 7-14). In contrast to this, green macroalgae, seagrasses and epiphytes were the most 
δ13C enriched food sources sampled in this study. No data on seagrasses was obtained for Site2 
as this site is in a creek that has high levels of turbidity (discussed in Chapter 5 section 5.3.2.1) 
and seagrasses do not occur there due to the lack of light penetration. Within the macroalgae 
sampled in this study, a brown macroalga present only during the winter season, was analysed 
for stable isotopes too. The carbon content of this macroalga was more depleted than the other 
macroalgae turning into a potential food source for Sydney rocks during the winter season. 
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Table 7-5: Kruskal-Wallis for POM data and Analysis of variance for Biodeposit data of δ13C, 
δ15N, %C, %N, and C:N ratio for both of the above from three sites (L, 
location) in the Clyde R. for two seasons in winter 2005 and two in summer 
2006 (S, Season)  
 N H df       P H F       P H F      P H F      P 
POM  δ13C δ15N %C %N 
L 47 14.81 2      *** 1.76 2       ns 1.34 2        ns 0.40 2      ns  
S 47 2.40 1       ns 2.23 1       ns 1.95 1        ns 13.51 1      *** 
          
  C:N        
L 47 1.95 2      ns       
S 47 18.64 1      ***       
          
 df MS F       P MS F       P MS F       P MS F       P 
Biodeposit δ13C δ15N %C %N 
L 2 45.13 9.42  *** 5.15 25.2  *** 8.68 6.68    ** 0.21 26.4   *** 
S 1 12.28 2.56    ns 0.29 1.43    ns 9.58 6.27    * 0.17 14.5   *** 
Lx S 2 80.14 16.7  *** 0.30 1.50    ns 1.64 1.07    ns 0.50 6.21   *** 
Error 55 4.79  0.20  1.53  0.01  
      
  C:N    
L 2 81.57 19.0  ***       
S 1 10.85 2.53    ns       
LxS 2 9.98 2.33    ns       
Error 55 4.28        
          
Note: *P≤0.05; **P≤0.01; ***P≤0.001; ns, no significant difference 
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7.6 Summary of oyster and food results 
In general, the carbon and nitrogen isotopic signatures and C and N contents showed more 
variability between sampling sites than between the two sampled seasons. The major seasonal 
difference found in the results was for %N in the suspended matter, in biodeposits and in the 
gonad composition. In general, %N values were higher in summer than in winter. Table 7-6 
shows the average results of the potential food sources that will be used in the following 
sections of this chapter to identify the SRO diet. Only those elements that could potentially 
constitute the oyster diet were presented in Table 7-6 based on the carbon and nitrogen 
fractionations. In Table 7-6, the whole-oyster values used excluded values from winter-2 as 
these oysters were influenced by the rain event that took place in July-2005. In contrast, POM 
values included all seasons as these samples were not influenced by any rain event during the 
sampling period. These components are the main input variables of the concentration-weighed 
mixing model used in the following sections. 
 
Table 7-6: Summary of average results used in the determination of the SRO diet in the 
Clyde River 
 δ15 N δ13 C %N %C 
Site1     
Whole-oyster (x) 8.27 -20.75 9.16 45.47 
Winter-1 8.56 -20.76 8.04 43.88 
Summer-1&2 8.13 -23.25 9.71 46.27 
POM 4.31 -21.34 0.20 2.83 
Winter-1&2 4.00 -21.08 0.19 3.41 
Summer-1&2 5.06 -21.78 0.21 2.32 
Site2     
Whole-oyster (x) 7.73 -23.64 9.02 45.95 
Winter-1 7.79 -23.65 7.69 44.48 
Summer-1&2 7.70 -26.85 9.69 46.68 
POM 4.41 -23.16 0.27 3.55 
Winter-1&2 4.74 -23.03 0.18 2.62 
Summer-1&2 4.45 -23.77 0.37 4.54 
SOM 4.19 -23.49 0.21 3.73 
Site3     
Whole-oyster (x) 7.35 -25.33 8.94 46.02 
Winter-1 7.93 -25.07 7.89 44.15 
Summer-1&2 7.07 -27.24 9.46 46.95 
POM 4.20 -24.19 0.23 2.79 
Winter-1&2 3.91 -23.88 0.14 2.13 
Summer-1&2 4.73 -24.56 0.33 3.36 
SOM 5.50 -24.19 0.04 0.55 
Common sources    
Benthic diatoms 3.75 -23.92 0.10 1.41 
Mangrove 4.94 -25.80 1.07 38.12 
Brown algae 5.60 -20.10 1.65 10.56 
(x) Average values do not include results for winter-2 
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Figure 7-12: δ13C plot for all average SRO tissues and calculated whole body and its 
potential food sources. Error bars show S.E 
 
Figure 7-13: δ15N plot for all average SRO tissues and calculated whole body and its 
potential food sources. Error bars show S.E 
Abbreviations: gon=gonad; musc=muscle; POM= particulate organic matter; 
SOM= Sediment organic matter; biodep=biodeposits; sgr=seagrasses; 
epi=epiphytes; alg= algae; mgr=mangroves 
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Figure 7-14: δ13C-δ15N plot of the SRO tissues, calculated whole-body and its potential 
food sources for three sampling sites in the Clyde River  
Note: Symbols indicate the average values of two seasons (winter and summer) and 
bars indicate S.E. All symbols have error bars, some being extremely small. Data 
for winter2 has not been included for clarity. Similar plot with winter2 data is 
shown in Appendix I 
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7.7  Diet of the Sydney rock oyster 
Of all the potential food sources sampled in this study and based on the range of trophic 
fractionations cited in the literature (McCutchan et al., 2003) green macroalgae (Ulva spp), 
seagrasses and their epiphytes can be safely eliminated from the potential range of food sources 
(Figure 7-14). These sources had the largest carbon isotopic ratio, with a fractionation factor 
ranging from 8 to 13‰ of 13C relative to the δ-whole estimated for the SRO at all the sites. 
Based on the δ13C and δ15N values, the rest of the potential food sources sampled here were 
within the range of one trophic level from the SRO δ-whole, with the exception of the brown 
macroalgae for Site2 and Site3 which had more positive δ13C ratio compared to oyster tissue 
signatures. As a consequence of the variation in the δ13C values of the oyster tissues at different 
sites through the estuarine gradient, food sources that occur at various sampling sites and have 
the same isotopic signatures along the estuary, could potentially be part of the diet for an animal 
living at one specific site but not at another (Figure 7-14). This is the case of the brown 
macroalgae in this study for sampling Site1 and not in Site2 or Site3. However, this food source 
can not be a major component of the SRO diet as it only occurs at the end of winter and is not 
available all year around.  
In order to assess the suitability and contribution of the different components of the SRO 
diet, an isotope mixing model was developed. 
7.7.1  Concentration-weighted mixing model 
As described in section 7.1, fractionation factors between a consumer and its diet can vary 
depending on the environmental/ ecosystem surroundings. Therefore, the uncertainty associated 
with trophic shifts must be considered, especially if isotopic differences between the potential 
sources of nitrogen or carbon in the food sources are small. A wider range of tissue enrichment 
factors than those normally assumed, therefore needs to be assessed when searching for trophic 
links or diet sources origin. 
Different approaches have been used to estimate the relative abundance of multiple food 
sources in the diet of an organism. The simplest method for determining the proportional 
contribution of multiple food sources to a diet is through the use of a linear mixing model. This 
approach uses an estimate of the presumed diet isotopic signature, and assumes a generally 
constant fractionation between the diet and the animals’ isotopic signature. The presumed diet 
signature is compared to those of the different food sources, via a linear model, to obtain an 
estimate of the fractional contribution (Hsieh et al., 2000; Raikow and Hamilton, 2001; Lorrain 
et al., 2002). This approach does not, however, consider the relative concentration of carbon and 
nitrogen present in the food sources. This becomes significant when the food sources contain 
very different concentrations of C and N. A better approach, therefore, is to use a concentration-
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weighted mixing model [reviewed in Phillips and Koch (2002)]. For three potential food 
sources in a presumed diet this may be expressed in matrix format as: 
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Where iX
13δ and iX15δ  are the C and N isotopic signatures, respectively, for the three food 
sources (A, B and C) and for the consumer, whose composition in this study is the whole-body 
of the oyster δ-whole; [ ]iC is the concentrations of C and N in the different food sources; if  is 
the mass fractional contributions of each food source towards the presumed diet; and 
foodoystX −Δ  is the assumed C or N fractionation factor between the consumer and the diet.  
Phillips and Koch, (2002), suggested that the composition of the presumed diet must fall in 
a bivariate plot of the two isotopes made up by lines connecting the three food sources, once 
these values are corrected for trophic fractionation. The latter authors referred to this space as 
the mixing triangle (Phillips and Koch, 2002:p115). If the presumed food source fails to fall 
within the triangle it means that an important food source has been missed or that an assumption 
of the mixing model is invalid. A schematic representation of this approach and the mixing 
triangle output is presented in Figure 7-15. 
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Figure 7-15: Schematic diagram of the concentration-weighted model approach and the 
mixing triangle output. The square symbol represents the consumer, the 
circles the three sources and the pentagon symbol is the predicted diet 
 
The schematic diagram shown in Figure 7-15 was used in this study representing the 
concept on the mixing model used. As discussed earlier, there is a large uncertainty in the value 
used for the fractionation, even though many studies use a single ‘classical’ value. To take this 
into account, a Monte-Carlo sensitivity analysis was performed in this study. Here, the mixing 
model is run a large number of times taking different randomly-selected values for the 
fractionation vector based on the ranges described in (McCutchan et al., 2003). Gaussian 
distributions of 1.26σ0.4,X ==  for 13C and of 1.7σ2.0,X ==  for 15N (McCutchan et al., 
2003) were used to represent the distributions presented in Figure 7-1. This method, instead of 
providing a single value for the proportional contributions of the various food sources, will 
generate a frequency distribution representing the likelihood of each fraction. The fractionation 
occurring most frequently will be chosen to estimate the fractional contribution of each food 
source. 
This analysis focuses on the probable range of fractionation values between the oyster 
and its diet. This approach could equally be applied to the known variability found in the 
isotopic signatures of both consumer and food sources. The variability in the data here presented 
is quite large so that this approach might still not be appropriate. Nevertheless, this technique 
can accommodate the variability in the input parameters. 
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7.7.2  Food preferences 
Most of the isotopic signatures for the different food sources sampled in this study 
varied mainly between sites. However, some also varied between seasons. Therefore, the 
concentration-weighted mixing model was applied to each of the three sampling sites in the 
Clyde River and for winter and summer conditions (summary of input variables in Table 7-6). A 
list of the model outputs for the different sites and seasons using various food sources within the 
trophic fractionation range described by (McCutchan et al., 2003) is presented in Table 7-7. A 
list of the outputs for the same model runs but averaged over both seasons is included in the 
Appendix II, Table I-3. These do not differ greatly from the seasonal analysis. 
During the Monte-Carlo analysis the isotopic mixing model was run 10,000 times with 
varying fractionations based on the published values given by McCutchan et al. (2003). The 
other input data was the average isotopic signatures and concentrations of δ-whole for the 
oysters and three food sources for each site during winter and summer (Table 7-6). The model 
calculated the different food fractions (fi) that constituted the presumed diet (PD) based on the 
food source inputs. The output of this model is a frequency distribution for each food source, 
expressing the probability of a food source making up a certain proportion of the PD. The 
values in Table 7-7 represent the modal values from the frequency distribution of the 
fractionations of each food component towards the suggested diet. As such, the modal fractions 
will not necessarily add up to 100%. The PD must fall within the triangular-like space limited 
by the lines connecting the isotopic signatures of the three food sources as suggested by Phillips 
and Koch (2002). A diagram showing this output is illustrated in Figure 7-16. 
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Figure 7-16: A) Concentration-weighted isotope mixing model output for oysters in Site1 
and the predicted diet from three food sources: POM at Site1, benthic 
diatoms and mangroves. B) Histograms of the food fractions in the predicted 
diet for each food source included in the model 
Note: Model was run 10,000 times. Histograms of the different fractions for each 
food source calculated in each model run using a trophic fractionation from a 
random gaussian distribution, which covers all fractionations, reviewed in the 
literature by McCutchan et al. (2003) 
 
 
Table 7-7: Concentration-weighted mixing model output for the fractions (fi) of food 
sources that may contribute to the presumed SRO diets at three sampling 
sites in the Clyde River. Only three food sources may be considered for each 
model run.  
 Season POM SOM Diatoms Mangrove Brown algae 
Winter 0.69  0.26 0.003  
Summer 0.31  0.69 0.02  Site 1 
Winter 0.02  0.88  0.02 
Winter 0.02  0.88 0.02  
Summer 0.02  0.87 0.03  Site 2 
Summer  0.02 0.87 0.07  
Winter 0.02  0.83 0.02  
Summer 0.02  0.86 0.02  
Winter  0.93 0.02 0.02  Site 3 
Summer  0.82 0.02 0.02  
Note: Output was only presented for cases where PD could be explained by given 
food sources. Bold numbers show the higher fractions  
Model output for the fractions of food sources on average per site without 
considering the different seasons are shown in Appendix I 
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Based on fractions of food sources presented in (Table 7-7), benthic diatoms played an 
important role in the diet of the SRO at all sites constituting on average 84±2% of the presumed 
diet (PD) estimated from the concentration-weighted mixing model. However, there were some 
seasonal variations depending on the food sources chosen that showed SOM as the main 
component of the diet. Some of the sites showed more than three potential food sources (Figure 
7-14). For example, based on trophic fractionation values (McCutchan et al., 2003), oysters at 
Site1 could be feeding on mangroves detritus, benthic diatoms, POM and brown macroalgae. 
Similarly, oysters from Site2 and/or Site3 could feed on mangroves, benthic diatoms, POM and 
SOM. As mentioned previously, brown macroalgae could not be a major food source as it is 
only present during winter and, except for Site1, is δ13C-enriched compared to whole-oyster 
signatures. When brown macroalage was included as a potential food source for Site1 during 
winter conditions, the model revealed an almost negligible contribution from this source (Site1 
+ winter, Table 7-7).  
The concentration-weighted mixing model output showed no seasonal variation in the 
composition of the presumed diet for Site2 and Site3 with benthic diatoms constituting most of 
the oyster diet. The diet composition for Site1, however, differed significantly between winter 
and summer, with POM comprising a large proportion of the diet in winter compared with the 
role that benthic diatoms had in summer. 
At Site2, SOM played a similar role to POM in the presumed diet as both of these sources 
accounted for a similar small fractionation of the food and both showed similar isotopic 
signatures. In contrast to this, SOM in Site3 constituted a large proportion of the presumed diet 
when POM was not included in the model. However, if SOM was replaced by POM, then the 
model predicted benthic diatoms as the major contributor to the presumed diet. 
Mangrove detrital material contributed the least to the SRO predicted diet. 
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7.8  C and N content of the SRO and its diet 
In Chapter 6 it was found that the different sampling sites along the Clyde estuary had 
different oyster growth rates and performance. It is reasonable to expect that one of the 
contributing factors to differences in oyster growth is variation in the oyster diet. In the 
following analysis, carbon and nitrogen content for the oyster, its biodeposits, presumed diet 
and the food sources will be considered by site and by season. Figure 7-17 shows the flow of 
carbon and nitrogen from the food sources into the presumed diet (PD). The complementary 
data for the different sites and seasons are presented in Table 7-8. 
 
 
Figure 7-17: Schematic diagram showing flow of carbon and nitrogen from the food 
source to the presumed diet.  
Note: Symbols and percentage (%) values used in this diagram correspond to the 
model output for the winter season of Site2 (Table 7-8) 
Chl=Chlorophyll-a; fi =food fractions 
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Table 7-8: The percentage of Carbon in (A) the presumed diet, (B) food available, and percentage 
of Nitrogen in (C) the presumed diet, (D) food available from the different food sources 
(particulate organic matter POM, benthic diatoms and mangroves) at three sites and two 
seasons in the Clyde R. (F_c and F_d are the fraction of Chl-a and detritus in POM, 
respectively) 
A) %C  Presumed diet 
  POM Chl-a Detritus Diatoms Mangrove 
       
Site1 Winter 2.353 0.141 2.212 0.370 0.099 
 Summer 0.718 0.043 0.675 0.971 0.762 
Site2 Winter 0.063 0.011 0.051 1.243 0.686 
 Summer 0.104 0.004 0.100 1.235 1.067 
Site3 Winter 0.051 0.016 0.035 1.173 0.801 
 Summer 0.081 0.006 0.074 1.218 0.839 
 
B) %C  Food available 
  POM F_c Chl-a F_d Detritus Diatoms Mangrove 
         
Site1 Winter 3.410 0.06 0.205 0.94 3.205 1.411 38.121 
 Summer 2.325 0.06 0.139 0.94 2.185 1.411 38.121 
Site2 Winter 2.621 0.18 0.472 0.82 2.149 1.411 38.121 
 Summer 4.530 0.04 0.181 0.96 4.349 1.411 38.121 
Site3 Winter 2.129 0.31 0.660 0.69 1.469 1.411 38.121 
 Summer 3.362 0.08 0.269 0.92 3.093 1.411 38.121 
 
C) %N  Presumed diet 
  POM Chl-a Detritus Diatoms Mangrove 
       
Site1 Winter 0.134 0.008 0.126 0.025 0.003 
 Summer 0.064 0.004 0.060 0.066 0.021 
Site2 Winter 0.004 0.001 0.004 0.084 0.019 
 Summer 0.009 0.000 0.008 0.083 0.030 
Site3 Winter 0.003 0.001 0.002 0.079 0.023 
 Summer 0.008 0.001 0.007 0.082 0.024 
 
D) %C   Food available 
  POM F_c Chl-a F_d Detritus Diatoms Mangrove
         
Site1 Winter 0.194 0.06 0.012 0.94 0.183 0.095 1.073 
 Summer 0.207 0.06 0.012 0.94 0.194 0.095 1.073 
Site2 Winter 0.181 0.18 0.033 0.82 0.149 0.095 1.073 
 Summer 0.370 0.04 0.015 0.96 0.355 0.095 1.073 
Site3 Winter 0.140 0.31 0.043 0.69 0.097 0.095 1.073 
 Summer 0.325 0.08 0.026 0.92 0.299 0.095 1.073 
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Figure 7-18: Percentages of C and N of the food source contribution towards the 
predicted diet and the food availability at three sites in the Clyde River for 
winter (W) and summer (S). Oyster performance in terms of total oyster 
weight (results from Chapter 6) for the sampling locations used for the 
isotopic analysis 
PD= Preferred diet (calculated) 
 
The proportion of carbon and nitrogen coming from the different food sources making up 
the overall food available to the oyster remained reasonably constant over the three sites and 
two seasons. Seasonal differences in the diet for Site2 and Site3 were very small in contrast to 
Site1 where the detrital component of POM became the dominant food source in winter while 
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diatoms dominated in summer. This is, in part, related to an increased fraction of chlorophyll-a 
(F_c, Table 7-8), calculated using the C:Chl ratio of 40:1 (Parson et al., 1984), in the POM 
during winter and also to an increase in the POM contribution at Site2 and Site3. 
7.8.1  Site 1, a marine-influenced site 
The predicted diet at Site1 showed slightly higher C:N ratios during winter compared to 
summer as a consequence of the different proportions of food sources in the different seasons 
(Figure 7-18). The PD during winter was mainly POM, which had a large proportion of detrital 
material. In contrast, the PD in summer was largely dominated by benthic diatoms in addition to 
small mangrove and POM Carbon and Nitrogen contributions. The phytoplankton component of 
the POM was extremely low as chlorophyll was estimated to contribute only 6% of the diet. 
This fraction remained constant for winter and summer. Site1 was, in fact, the only site where 
there were different food sources in summer and winter. In general, the C:N ratios of the PD in 
Site1 were lower than the other sites. 
7.8.2  Site 2, an estuarine creek 
The PD for Site2 was sourced mainly from benthic diatoms for both seasons (Figure 7-18). 
However, the contribution of diatoms towards the diet for winter was slightly higher than in 
summer in terms of both %Carbon and %Nitrogen. The contribution by POM at this site was 
extremely low. Chlorophyll-a contributions to POM were higher in winter (18%) than in 
summer (4%). In general, turbidity in the Clyde R. is lower in winter than in summer and so 
light penetration is higher, increasing primary production. 
7.8.3  Site3, upstream site 
The PD in Site3 was similar to Site2, even though the whole-oyster isotopic signatures 
were slightly carbon-depleted in relation to the measured food sources (Figure 7-14). The PD 
was mainly from benthic diatoms with small contributions from the POM and mangrove 
fractions (Figure 7-18). The contributions of POM, however, were slightly larger in summer 
than in winter. As in Site2, chlorophyll contributions to POM were higher in winter (31%) than 
in summer (8%) and were higher than those downstream at site 2. This is consistent with an 
upstream source of nutrients. 
 
7.9 Discussion 
The Sydney rock oyster in the Clyde River seems, like other oyster species, to feed 
opportunistically on whatever is available in their area including terrigenous detritus, benthic 
algae, phytoplankton (Dame and Allen, 1996) and mangrove debris. These components have 
different degrees of importance in the diet, based on the spatial and temporal availability and 
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nutrient composition. The results presented here demonstrate that oysters select quite carefully 
the material they feed on, mainly searching for high nitrogen level food components. The diet of 
the SRO in the Clyde River will now be discussed based on the measurements above of the 
isotopic signatures and carbon and nitrogen content of the potential food sources that could 
constitute the SRO diet. 
7.9.1  Sydney rock oyster tissue 
Average isotopic signatures for SRO tissues investigated in this study are consistent with 
the results of other isotopic studies on the same oyster (Moore, 2003; Piola et al., 2006) apart 
from the values measured during the rain-affected winter2 sampling. These will be discussed in 
section 7.9.6.1 below. 
 Irrespective of sampling site, tissues of individual oyster organs revealed that muscle was 
the most enriched in both 13C and 15N followed by gill and the most depleted was gonad. The 
mean enrichment between gonad and gill for 13C and 15N was 1.58±0.19 and 0.96±0.09, 
respectively, and between gill and muscle was 1.38±0.13 and 1.35±0.08, respectively. This 
isotopic fractionation (section 7.4.2) is a result of the organism’s metabolic activity and the 
tissue turnover rate, which reflects nutrient uptake. In addition, it has been shown that metabolic 
fractionation leads to a preferential loss of lighter isotopes during the respiration and excretion 
processes (DeNiro and Epstein, 1978, 1981) resulting in 13C or 15N enriched tissues in the 
organism. The differential isotope fractionation that occurs between different tissues, means that 
it is not straightforward to establish an exact relationship between a consumer and its diet.   
Isotopic signatures for the various oyster tissues showed a consistent isotopic gradient 
from the oceanic to the upstream site. Measured δ13C values were more depleted in upstream 
sites than in oceanic sites of the Clyde R. as a result of carbon- enriched marine-influenced 
suspended material at the oceanic site (Figure 7-5). These oyster tissue results were consistent 
with previous measurements from other oyster species (Fry and Sherr, 1984; Fry, 1988; France 
and Peters, 1997; Kasai and Nakata, 2005), and in particular, with the SRO results for Piola et 
al. (2006). The δ15N of oyster tissues were also depleted through the estuarine gradient in the 
Clyde R. in contrast to measurements of Piola et al. (2006). In Piola’s study, oyster tissues were 
influenced by tertiary treated sewage, which brings matter with enriched heavier isotopes into 
the estuary (average δ15N 16‰). The aquatic system studied by Piola was very eutrophic (Piola 
et al., 2006) in stark contrast with the Clyde R. None-the-less, the δ15N and δ13C of SRO tissues 
at the mouth of the Clyde R were slightly more enriched than those at the mouth of the Manning 
River, NSW (Piola et al., 2006).  
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7.9.2 Suspended organic matter 
δ13C of all three SRO organ tissues in the Clyde R. varied significantly across sampling 
sites (P<0.001; Table 7-2), with δ13C levels getting more negative in moving upstream from the 
mouth of the estuary. This is a result of the concomitant carbon-depletion in δ13C of the 
suspended matter that oysters feed on at each site (Figure 7-7).  
The spatial distribution of the suspended matter in an estuary can be influenced by several 
factors such as the riverine transport of eroded soils, fresh vegetation litter, agricultural run-off, 
sewage discharge or export of organic marsh matter (Cifuentes, 1991). POM δ13C values in this 
study were within the range of other POM levels recorded in other NSW estuaries (Melville and 
Connolly, 2003). The range of these values (-20.6 to –25‰) and the C:N ratios (average, C:N 
mass = 14.4±0.5 or C:N molar = 16.8±0.5) suggests that this material is largely terrigenous 
(Riera and Richard, 1996). The average C:N mass values in winter was 15.9±1.5 indicating that 
a large fraction of this material was detrital, mostly of terrestrial origins, consistent with the 
POM δ13C results. The average value for C:N mass ratios for POM during the summer2 
sampling was lower (9.88±0.7) than the rest of the sampling dates. These lower C:N ratios in 
summer2 might be a consequence of the rain event that took place two days before this 
sampling. As discussed in Chapter 5 section 5.4.1, freshwater inflows in estuaries cause higher 
nutrient levels in the water column and create favourable nutrient conditions which seem to 
enhance oyster growth. These low values of the C:N in POM resulted in increased nutritious 
matter for oysters with higher nitrogen content (Paterson et al., 2003b).  
7.9.3  Sediment organic matter 
As described in section 7.5.1.2, the bottom sediment at the three sampling sites in the 
Clyde R., showed a decrease in the terrestrial component from estuarine to oceanic sites, as 
marine-derived particles have low concentrations of organic matter (Cifuentes, 1991). Each of 
the sites showed a distinct composition in terms of carbon and nitrogen as a result of the 
different types of bottom sediment (Figure 7-11). Sediments from Site1 and Site2 are mainly 
mud in comparison with the primarily sandy bottom at Site3 as observed during field 
examinations. Site1 has also some sand constituents so that the carbon and nitrogen content of 
the bottom sediments are lower than those in Site2. The large proportion of sand in the sediment 
in Site3 means there is not much resuspension, so oysters at this site have less opportunity to 
access resuspended bottom sediments from the water column. 
There were no site-specific differences for the carbon and nitrogen content of the 
suspended matter in the Clyde R. The relative amount of nitrogen was generally greater in the 
suspended particulate matter than in the superficial bottom sediments (Figure 7-11). Carbon 
content was also greater, especially for some high values found at Site2. These differences were 
presumably a result of sedimentation and/or remineralization processes in the water column 
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(Cifuentes, 1991). The fact that the carbon and nitrogen contents of the surficial bottom 
sediments were lower than in the suspended matter indicates that there is some removal within 
the bottom sediments. As selective feeders, SRO may potentially target highly nutritious 
nitrogen-enriched components within the POM as was suggested in the discission on the 
biodeposits isotopic signatures (section 7.5.1.1). 
7.9.4  The diet of the Sydney rock oyster  
Based on the food fractions obtained from the concentration-weighted mixing model, it 
appears that benthic diatoms constitute a large proportion of the SRO diet at all sites and 
seasons. Variations in the SRO diet have been found in Site1 for the winter season, when POM 
constitutes a large proportion of the SRO diet. This difference in the available oyster diet during 
winter is important as oysters during winter are known to be physiologically much less active, 
filtering at very low rates, especially when water temperature reaches minimum levels 
(temperature limitations discussed in Chapter 6, section 6.1.4.1). Therefore, the dietary 
composition during the winter period could be an important factor in terms of oyster growth and 
performance. Based on the isotopic analysis here, the detrital matter of POM appears to play an 
important role in the SRO diet. POM becomes the dominant potential available food source 
during the winter season. Therefore, during winter, oysters within an area with potentially 
appropriate food sources could take advantage of this available nutritious food source even if 
their filtration rates and metabolism are low. 
More than three potential food sources within the isotopic range of the presumed diet 
were found in Site2 and Site3 (Figure 7-14). The contribution of POM and SOM to the PD in 
Site2 (Table 7-7) were very similar indicating that most of the suspended matter at this mud-
bottom site comes potentially from resuspension of the sediment. The measurements here 
suggested that the SRO seems not to discriminate between these two sources. However, as 
mentioned previously, the carbon and nitrogen content levels in SOM were lower than in POM, 
suggesting a process involved in the removal of these elements from the sediment. Either 
oysters might be the cause of this removal or it could be due to microphytobenthos in the 
surficial sediment taking up nutrients and processing them through remineralization, so that they 
become available in the water column.  
While the isotopic signatures of the benthic diatoms were also similar to both POM and 
SOM, their nitrogen content was closer to that of the SOM. At Site3, only the POM and benthic 
diatom isotopic signatures were similar, which differs from Site2. The isotopic signatures for 
SOM in Site3 were different from those of POM, probably because of lower resuspension rates 
as the sediment is primarily sandy compared to muddy sediments in Site1 and Site2. 
Using the three food components POM, diatoms and mangroves, the concentration-
weighed mixing model indicates that the diet is primarily diatoms. However, if POM is replaced 
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by SOM, the model predicts SOM as the major contributor. This discrepancy between POM and 
SOM probably occurs because of the particularly low levels of nitrogen and carbon contents in 
the SOM compared to the POM, which enhances the predicted SOM contribution. This might 
not, therefore, be a good indicator of the SOM contribution. Alternatively, it is possible that a 
component of the SOM at Site3 might constitute a large part in the PD of the SRO in this site. It 
is important to note that in Site3 the whole-oyster is no longer enriched compared to most of the 
sampled food sources. Consequently, an additional food source, not sampled here, might 
contribute. Alternatively the classical notion of the consumer being enriched compared to its 
diet may not hold true in all cases as demonstrated by McCutchan et al., (2003).  
As pointed out by Phillips and Koch, (2002), the linear mixing model used here based 
on mass balance equations has several limitations. Firstly, it is important that all the dietary 
sources are measured and that there are no more than three food sources. In general, the 
proportional contribution of n+1 different sources can be only determined by the use of n 
isotope elements (Philips and Gregg, 2003). In this study, three food sources and two isotope 
elements δ13C and δ15N have been used.  
In many cases there will be multiple potential organic matter sources that could 
contribute to the diet of organisms. Even if all these sources could be sampled and analysed for 
isotopic signatures, there is still a limitation in the use of mathematical mixing models due to 
the number of isotopes included in the model (Benstead et al., 2006). New software (e.g. 
IsoSource) has been developed for situations in which n isotopes are used and n+1 sources are 
contributing to the overall diet (Philips and Gregg, 2003). In general, the use of 34S has been 
recommended in the literature because it can bring a high probability of distinguishing the 
contribution of different producers to aquatic food webs, especially combining signatures of 34S 
and 13C (Connolly et al., 2004). 
 
7.9.5  C:N ratios for SRO tissues and food sources 
For all the sites and seasons, an increase in the C:N ratio was measured from the whole-
oyster to their biodeposits to the presumed diet (Bayne, 2002). The C:N ratios for the whole-
oyster over all sites and seasons ranged from 4.8 to 5.6. These values are slightly higher than 
other species of molluscs, especially bivalves. The blue mussel Mytilus edulis has been reported 
to have a C:N ratio of 3.85 (Vink and Atkinson, 1985). However, in the same study the mollusc 
Aplysia sp. and four species of echinoderms showed C:N ratios ranging from 5 to 6.2. Whole-
oyster C:N ratios in this study were not significantly different between wonter and summer. The 
C:N ratio in summer showed less variability between sites than in winter. The percentage of C 
and N for the whole-oyster also increased from winter to summer at all sites, which mirrored 
similar increases in the gonad tissue (section 7.4.3). 
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Biodeposits contained between ~ 2 to 3 times as much C and N as the presumed diet. 
These results are consistent with studies of the Sydney rock oyster and Pacific oyster in NSW, 
Australia (Bayne, 2002) and the eastern oyster in Chesapeake Bay (Newell et al., 2004). 
Depending on the quality of the suspended matter in the water column, oysters have the 
capacity to enrich the underlying sediment through the production and sinking of biodeposits to 
the benthos. 
The C:N ratios for the predicted diet at Site1 were in general lower than at the other sites in 
the Clyde. This might be a result of marine-influenced particles, which are lower in carbon. The 
C:N ratios in the sediment underneath the oyster leases at this site were extremely high due to 
the largely carbon-enrichment isotopic signatures of SOM at this site compared to other sites 
(Figure 7-12). These results, in addition to the specific carbon and nitrogen contents of 
sediments at the different sites (Figure 7-11), show that sediments at Site1 have a different 
composition to sediments in other sites. 
 Carbon constituted a larger proportion of the POM component of the diet. This was 
primarily found in the detrital component, which suggests that some of the detritus components 
played an important role in the oyster diet, such as bacteria and viruses (Romero et al., 2002; 
Hadas et al., 2006), in particular in Site1. Some studies on Crassostrea sp oysters have found 
large volumes of bacteria retention across the gill reaching 30% efficiency (> 5 x 106+cells/ml) 
for heterotrophic bacteria and over 50% for cyanobacteria (A. Bell, pers. comm., 3rd June 2005). 
In that study it was also estimated that in terms of carbon, the bacterial contribution could reach 
approximately 15% of the oysters requirements (A. Bell, pers. comm., 3rd June 2005). Viruses 
are also present in many environments and it was recently found that a species of coral reef 
sponge could remove viruses with an efficiency of 23.3±2.9% suggesting that other species of 
filter feeders might act similarly (Hadas et al., 2006). 
The C:N ratios for SOM in Site2 were between the C:N values for the PD and the 
biodeposits. The percentages N values for the SOM were similar to the benthic diatoms in Site2. 
This site had extremely high levels of turbidity due to the large amount of suspended matter in 
the water column. However, this material seems to have a large proportion of organic matter as 
the oysters did not excrete additional carbon in the biodeposits. Despite the high turbidity, the 
bacteria community embedded in these sediments at Site2 appear to be efficient in the nutrient 
recycling processes and in turnover into organic matter although food levels or water quality 
conditions seem not to be optimal as oysters in this site grew the slowest (results from Chapter 
6). 
The chlorophyll-a contributions to POM in Site3 were higher in winter (31%) than in 
summer (8%), similar to Site2. This seems to be a result of the increased water clarity in the 
water column during winter and the reduced filtering and metabolic rate of the oysters. The C:N 
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ratios of the biodeposits were significantly lower at Site3 than at the other sites for both seasons 
due to the enhanced nitrogen content in this material at this site. The C:N ratios found in SOM 
at Site3 were the lowest in the estuary, and had extremely low %C and %N. This appears to be 
related to the sandy sediments there. 
The composition of the biodeposits varied significantly across sites suggesting that oysters 
at these sites were feeding on different food sources across the farming grounds and showing a 
preference for nitrogen-based matter. This could be a result of the different composition of the 
benthic communities as a result of locally different sediment types. From the results here and 
other published studies (Newell et al., 2002; Webster et al., 2002; Meleder et al., 2005) it is 
becoming increasingly apparent that the benthos component, in particular the sediment, could 
be an important potential food sources for estuarine animals. Future research needs to 
concentrate to a larger extent on the benthos and the processes that link the benthos to the 
pelagic system. 
7.9.6  Effect of rain events on the isotopic signature and diet of 
the SRO 
7.9.6.1 Time scale for oyster tissue turnover 
In the absence of rain, the isotopic data for SRO showed no significant temporal 
differences. The shift in δ13C signatures for oyster tissue during winter2 seems to be attributable 
to an increasing contribution of terrestrial organic matter in the water column as a result of the 
high catchment discharge that occurred in July 2005 following heavy rains. Isotopic signatures 
in tissues vary with the diet of the animal. The results observed in the Clyde R. and other 
studies, when going from dry to wet conditions, indicated a decrease in the δ13C of oyster flesh 
(Riera and Richard, 1997; Kasai et al., 2004). Organisms taking up depleted-carbon material 
will retain this depleted δ13C value in their tissues for some residence time, which is the time 
required for the tissues to integrate the nutrients taken in the diet.  
Nitrogen uptake was calculated for SRO by Moore (2003) and followed an exponential 
curve with tissue turnover rates varying according to tissue metabolism. Turnover rates of 
nitrogen for the whole oyster were 7 to 13 days, while those for the gills were slower at 24 to 25 
days (Moore, 2003). In this study it took over 2 months to observe a shift in the carbon isotopic 
signature, which suggests turn over rates much longer than those in the Moore’s study. Moore 
(2003) concluded that nitrogen uptake and tissue turnover rates were constant under different 
environmental conditions. However, different oyster morphometric traits (e.g. size) and flesh 
condition (e.g. spawning), as well as the season (e.g. temperature), might be expected to 
influence nitrogen uptake.  
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Riera and Richard (1997) found there was a time lag of between 1 and 2 months before the 
effect of terrestrial 13C-depleted signatures in the food sources was evident in oyster flesh. In 
their study, average discharge in the sampled area increased dramatically for an extended period 
of time (3 month) thus allowing the 13C-ingested-material particles to slowly replace the over-
turning tissue.  
Here the isotopic results for the oyster tissue in winter2 did not show any carbon depletion 
until 2-2.5 months after the event. However, unlike the study of Riera and Richard (1997) the 
increased flow in the Clyde River took place over only a few days, so that there was no 
persistent change in the water flow regime. It is possible that the 13C-depleted food remained in 
the system beyond the few days of the flow event by entering the benthic system and being 
recycled/resuspended back into the water column over the subsequent months. This then would 
allow a gradual uptake by the oysters integrating the ‘new’ food source into the over-turning 
tissue. This time lag has been found to vary due to the biochemical composition and turnover 
rate of the tissues (Lorrain et al., 2002).  
Oyster tissues did not show any isotopic carbon depletion after the November rain event 
even though isotopic measurements were made following a lag of 2 and 2.5 months. This may 
be explained by (1) a smaller discharge in November of less than half compared to July and (2) 
the input of larger and/or different terrestrial material in the July event as a consequence of an 
extended dry period before this event.  
As discussed in Chapter 5, the July 2005 event was the largest flood that has occurred for 
3.5 years in the Clyde R. catchment, carrying large amounts of terrestrial matter and nutrients 
into the estuary. Over the 3.5 years of this study, six major rain events took place but none of 
these discharged more than 10,000 ML/day. In contrast, the November 2005 event discharged 
~20,000 ML/day, and a rain event occurred 2 months previous to this so that there was less 
opportunity for organic matter to build up on the soil surface in the catchment. Consequently, 
the November 2005 rainfall had a smaller effect on water quality and seston composition. 
During drought periods, such as that which preceded the July 2005 rainfall, there is a build up of 
organic matter and nutrients in the catchments due to leaf fall, which are discharged into the 
rivers and estuarine systems by drought-breaking rains.  
7.9.6.2 Short-term shifts in suspended matter 
The change in the isotopic signature of the oyster tissues is also consistent with the carbon 
and nitrogen isotopic signatures of the suspended organic matter (POM) at the three sampling 
sites. The isotopic signatures from POM samples for summer2 can be considered as a true 
representation of the POM (designated Rain-POM) associated with a rain event as the samples 
were collected 2 days after a ~2,000ML/day discharge event. The nitrogen levels of the Rain-
POM for the three sampling sites were significantly enriched compared to the rest of the 
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sampling dates and the C:N ratio for Rain-POM was lower compared to the rest of the sampling 
dates. This indicates that this component of the seston was more nutritious. This is in agreement 
with the results on the impact of flows presented in Chapter 5. In this chapter it was concluded 
that two to four days after a rain event, the levels of dissolved and particulate nitrogen increased 
in the water column, boosting the primary production levels in the Clyde R. with a time lag of 
12 days. However, δ13C levels in the isotopic Rain-POM samples did not increase, despite the 
increased levels of the total suspended matter (TSM) in the water column. The water quality 
data presented in section 7.3.1 for summer2 did not show a ‘typical’ rain event. Most of the 
seston parameters measured at this sampling date, except for TSM, did not increase as a result 
of the rain event. These parameters appear to require longer before any increase occurs as the 
sampling here took place just 2 days after the peak in rainfall. 
Oysters at all locations in the Clyde R. are equally affected by freshwater inflows resulting 
in short-term variations in food sources. This causes a strong δ13C decrease in the flesh of SRO 
at all three sites. Gonad and gill tissues showed more variability in the isotopic signatures than 
the muscle for the winter2 sampling. This might be a consequence of the metabolic fractionation 
rate of the different tissues. Muscle tissue is known to have a slower turnover rate than the 
gonad and/or gills. Therefore, muscle tissues are good indicators of the long-term nutrient 
sources. On the other hand, gonad and/or gills provide good information about shorter-term diet 
changes. It seems then that by the winter2 sampling, which was 2.5 months after the rain event, 
gonad and gill tissues were already changing back to isotopic signatures typical of ‘no-rain’ 
conditions, which was reflected in the larger variability shown for these tissues. Muscle, due to 
its slower turnover rate, had less variable signatures as this tissue was still showing the change 
in diet due to the rain event. For this reason, it may be more appropriate to sample oyster 
muscles for indications of longer term oyster food sources. The results from this section indicate 
that Sydney rock oyster diet varies in responses to large rain events, as a result of the increased 
terrestrial food sources available in the seston due to run-off. 
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7.10  Conclusions 
The chapter has addressed the objective (section 1.6). Here both stable isotopic 
fractionation and C and N analyses have been used. Oyster tissue isotopic signatures of three 
types of tissue showed varying isotopic fractionation as expected based on literature results. 
This is a consequence of metabolic fractionations that vary according to individual tissue 
turnover rates. This finding calls into question studies that attempt to use the whole animal for 
the analysis, since only very small amounts of material are necessary for isotope analysis.  
Oyster tissues also showed a significant 13C-enrichment from the upstream (Site3) to the 
oceanic (Site1) location in the Clyde River in accord with similar changes in the isotopic POM 
signatures. This is due to the 13C-depleted terrigenous material in the upstream region compared 
to the 13C-enriched marine material in the downstream region. This study has also shown that, 
on average, SRO tissues have a time lag of about 2-2.5 months when responding to an altered 
diet.  
Isotopic signatures for the different food sources revealed that a high isotopic carbon-
enrichment of green macroalgae, seagrasses and their epiphytes suggest that they are unlikely to 
constitute a significant part of the SRO diet. In general benthic diatoms, extracted from the 
sediment underneath the oyster leases, played the major role in the SRO diet despite these 
diatoms being N-limited (C:N molar ~16:1). In Site2 and Site3 benthic diatoms, SOM and POM 
have very similar signatures, suggesting that the diatoms are an integral part of the SOM and 
that much of the POM is resuspended SOM. However, as mentioned above, the isotopic 
signatures for the benthic diatoms had fewer replications than any of the other food sources. 
Future research should concentrate on characterising benthic diatoms as it has been shown here 
that they play a major role of the SRO diet. In particular, further isotopic information needs to 
be collected to validate the results here and to provide a better understanding of the spatial and 
temporal isotopic variability of benthic communities within an estuary.  
Seasonal differences in the preferred diet at Site2 and Site3 were very small in contrast to 
Site1 where the detrital component of POM became the dominant food source in winter 
compared to diatoms in summer. The oyster growth experiments in Chapter 6 have shown that 
SRO growth at Site1 is significantly better than at the other sites. This suggests that components 
within the resuspended detritus, such as bacteria, or the fact of certain food components being 
available at certain oyster demand stages (i.e. winter) may be the key to understanding improved 
oyster performance. Future work will need to assess and quantify their importance.  
It is noted here that the physico-chemical analyses in Chapter 5 also showed that the 
downstream, oceanic sites in the Clyde differed from upstream sites. These downstream sites 
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had on average larger TSS, POM and FRP-P than upstream sites. As noted above, these 
differences were also reflected in the higher oyster growth rates at the downstream site (Chapter 
6). The relationship between oyster growth, physico-chemistry and nutrition in the water quality 
is considered in Chapter 8. 
It is apparent from the results in this Chapter that the oysters act as a mechanism for 
coupling benthic and pelagic systems through the consumption in part of resuspended benthic 
material and by the production of biodeposits (faeces and pseudofaeces), which are sources 
available in the benthic environment. The importance of this coupling role for the oysters is 
becoming increasingly apparent (Dame et al., 2002; Newell et al., 2002) and as a result, future 
studies needs to focus on assessing benthic bacterial communities, nutrient fluxes at the water-
sediment interface and ultimately how much of the benthic material finds its way back in to the 
water column. 
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Chapter 8: Integration of the Environmental 
Factors that Affect Oyster Growth 
 
As described in Chapter 2, numerical models are available to describe environmental 
processes in oyster producing estuaries, which take specific account of the interacting effects, 
and embody the oyster’s responses to environmental changes. Different types of models have 
been developed to predict bivalve–environmental interactions and the consequences for bivalve 
production. They differ greatly in the specific question they attempt to address and the 
complexity of the interactions represented in the model embodied in the number of parameters 
required.  
In this thesis emphasis has been placed on the importance of the environmental factors that 
affect the oyster culture system. Two complementary approaches are used in this chapter to 
investigate the interaction of the oysters and the estuarine system. One uses a numerical 
dynamic growth model and the other uses easily-calculated indices that provide information on 
the potential impact of the oysters on the aquatic system. 
8.1 Integration of Dynamic Models 
Mollusc cultures are very susceptible to changes in environmental variables that modify 
trophic relationships, reduce growth rate, change physiological processes, recruitment and 
mortality (Heral, 1993). The effects of the environmental changes are exerted through their 
impact on the various processes, which directly impact on oyster growth and survival. These 
effects include changes in food availability, salinity variation, light penetration through 
turbidity, temperature and nutrient availability. In order for oyster growers and estuary 
managers to assess the cultivation potential of a particular location, it is necessary to develop 
approaches that will integrate all these changes.  
Two approaches are used in this chapter: a numerical (nitrogen-phytoplankton-oyster 
(NPO) model and a series of estuary-scale environmental indicators (EI). 
The dynamic growth NPO model describes the relationships between primary production, 
water movement (hydrodynamics) and oyster physiology (e.g. clearance rates). The NPO model 
was coupled to the hydrodynamic model developed for the Clyde River (Chapter 5). In 
conjunction with oyster filtration rates and functions, taken from the literature, an assessment 
for the SRO ‘scope for growth’ was done. Different scenarios were used that vary the oyster 
stocking densities in the estuary or change the biological uptake processes via the 
parameterisation of oyster filtration. 
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In the second approach, a series of estuarine-scale environmental indices, recently 
reviewed by Gibbs (2007), are used to provide a measure of the state of the system and its 
ability to maintain current or greater levels of oyster stock. While the environmental indices are 
a far simpler method for assessing the estuary than the numerical model, they still require a 
significant amount of hard-to-establish physical and biological information in order to estimate 
them. 
The above approaches require an integration of many of the results in previous chapters. 
This includes information on the water quality at the sampling sites, the physical data used in 
the development of the hydrodynamic model developed for the Clyde River (Chapter 5), oyster 
growth and mortality data and, information on how these parameters are affected by the 
environment (Chapter 6), and oyster stocking density estimates (see next section). 
8.1.1 Oyster stocking densities in the Clyde River  
 
In order to model the spatial variation of oyster production in the Clyde River, the river 
was divided into 7 segments or boxes (Figure 8-1). Oyster stocking densities in the Clyde River 
were estimated for each cultivating ground, which are represented by the boxes 1 to 7 in Table 
8-1 and Figure 8-1). The area of each box was calculated from intertidal aerial photographs of 
the Clyde River and was compared to the total lease area obtained from the NSW DPI Fisheries. 
The volume of each box was estimated from this area and the depth obtained from field 
measurements and contour data from the NSW PDI Fisheries. The latter areas are the whole 
area of leases, however in this calculation only the maximum area that could be potentially 
cultivated was used based on current rack lengths. Counts of oyster densities per area were 
conducted, in which the rack length was measured and the oyster density per cultivation method 
was estimated based on the size of oysters present at the time. 
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Figure 8-1: Boundary of the various boxes where oyster densities were assessed in order 
to estimate carrying capacities in the Clyde River. Each box corresponds to a 
major cultivating ground as described in Chapter 3. Oyster leases are 
marked in green. Dotted lines represent boundaries of the boxes in the 
hydrodynamic model 
 
Table 8-1: Volume of model boxes, lease area and oyster density per box and per area in 
the Clyde river 
Box1 Volume Lease area Total No. oysters2 Density 
 (m3) (m2)  (g/m3) 
1 & 2 4,150,000 462,000 10,020,000 60 
3 5,820,000 315,000 6,831,818 29 
4 460,000 476,000 10,323,636 561 
5 3,380,000 119,000 2,580,909 19 
6 3,460,000 98,000 2,125,455 15 
7 4,020,000 77,000 1,670,000 10 
Estuary 21,290,000  39 
(1) Box numbers correspond to red numbers in Figure 8-1 
(2) Based on an average 25g-oyster 
Note: Box 1& 2 (i.e. Clyde-2 & Clyde-3, respectively, see Figure 4-1 In Chapter 4) 
which represent different cultivation areas that oyster growers use at different 
stages of the oyster life cycle, were combined into a single box for the purpose of 
dealing with oyster density 
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8.2 NPB model (Nitrogen— Phytoplankton – Benthos 
[Oyster] model) 
A simple NPB model has been coupled to the one-dimensional flushing model described in 
Chapter 5. In each of the model boxes, nitrogen and chlorophyll concentration and oyster 
density is calculated (i.e. N (=Nitrogen levels), P (=Phytoplankton concentration) and B 
(=benthic organisms such as oysters) are the state variables, respectively). This model is loosely 
based on the simple phytoplankton/shellfish model of Officer (1982), which was developed to 
examine the effect of filter feeders in controlling primary production in a nutrient-rich 
environment – as a result a nutrient state variable was not included. As the system considered 
here appears to show nutrient limitation for a large proportion of the time (results in Chapter 5), 
the model has been supplemented with a nitrogen state variable that represents DIN (dissolved 
inorganic nitrogen and ammonia) to include the effects of nutrient limitation on phytoplankton 
growth. 
 
 
 
Figure 8-2: Schematic diagram of the number of boxes used in the hydrodynamic model 
coupled to the NPO model  
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8.2.1 Model description 
For a box, i, the nitrogen, N (mg N/l), phytoplankton, P (mg C/l) and oyster density, B 
(g/m3 of oyster) is given by: 
 
iPPaK
iV
1iRNiRN)iN1i(N
i
1iE)1iNi(N
1i
iE
dt
idN −++−−−−−+−
+
=    [8-1] 
iPPMiPibFBiPPK
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1iRPiRP)iP1i(P
i
1iE)1iPi(P
1i
iE
dt
idP −−+++−−−−−+−
+
=  [8-2] 
iBBKiPicFBdt
idB −=           [8-3] 
 
Where Kp is the nutrient dependent phytoplankton growth rate (d-1), R is river flow, Eij is a 
spatially varying tidal mixing parameter, a is a constant conversion factor from C to N units, b 
is a constant to convert from m3 to litres, F is the oyster filtration rate (l/d/g of oyster), c is a 
constant that includes conversion from P to B units (see Table 8-2) and the oyster feeding 
efficiency, KB is the constant oyster natural mortality rate and Mp is the phytoplankton mortality 
not associated with oyster uptake. Further details and parameter values are given in Table 8-2. 
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Table 8-2: Model forcing and parameter information 
 Description Value 
 Nitrogen equation (N)[8-1]  
a Redfield ratio conversion from C:N 0.176     mgN/mgC  (Redfield, 1958) 
b Volume conversion 1/1000   l/m-3 
R River flow (model forcing based on observed 
flow values) 
Discussed in Chapter 5; section 5.2.5. 
Eij Spatially varying tidal mixing parameter  Discussed in Chapter 5; section 5.3 
 Phytoplankton equation (P) [8-2]  
Kp Phytoplankton growth rate =  
umax x N/(N+Nx) 
umax (Maximum growth rate) 
Nx (Nitrogen half-saturation) 
 
 
0.5 d-1 (Graham, 2000) 
0.014 mgN/l (Chen et al., 1997) 
Mp Phytoplankton mortality 0.1  d-1 (Cloern, 2007) 
 C:Chl-a  40:1 (de Jonge, 1980) 
 Oyster equation (B) [8-3]  
F A number of oyster filtration rate (FR) 
parameterisations have been implemented 
 
1. FR= f(TSM)g(T)h(s) 
 
f  =  (2.1 – 0.09TSM) x 24/26 
 
g(T) = (-0.08 + 0.098T)/ (-0.08 + 0.098 x 25)  
                        for T<=25<=13ºC 
g(T)= 1                        for T >25ºC 
g(T)= 0                        for T <13ºC 
 
h(S)=1                for S>25ppt 
h(S)= (S-15)/(25-15) for S<=25<=15ppt 
h(S)=0   for S<15ppt 
 
where TSM is total suspended matter, T is the 
temperature and S is the salinity. Both TSM and 
T are model forcings based on observed values. 
 
2. FR = Fmax g(T)h(s) 
where Fmax is the maximum filtration rate, g and 
h defined above 
3. FR = Fmax g(T) 
4. FR= constant 
l d-1g-1 
 
l d-1g-1  (Bayne 2002) 
 
(based on field results) 
 
 
 
 
(Holliday, 1995)) 
(based on field results ) 
 
(Nell and Dunkley, 1984; Nell and 
Holliday, 1988; Holliday, 1995) 
 
Kb Oyster mortality 9x10-4 d-1  (based on field results) 
c 
 
 
c1 
 
c2 
Phytoplankton to oyster conversion constant 
c = (c1 c2 ) / 1000 
 
carbon weight:total oyster weight   
 
oyster feeding efficiency 
 
 
 
47.2 gWW/gDW  
                      (based on field results) 
0.18    (Officer, 1982) 
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In equations 8-1 and 8-2 the first terms on the right hand side represent the tidal mixing 
and estuarine mean advection of N and P through the system. This is not required for the 
attached (sessile) oysters. The KpP terms represent oyster growth through uptake of nitrogen. 
This model uses the same mixing parameters, Eij, calculated in the flushing model and 
subsequently validated by the observed salinity values (see Figure 5-9, Chapter 5). The coupled, 
bio-physical model is again forced by flow data from the Brooman (40km upstream) and 
Buckenbowra Creek sites (near the top oyster lease limit) over the period of the oyster 
experiments. 
 
8.2.2 Initial conditions  
The model state variables must start from some initial state. For nitrogen, N, and 
phytoplankton, P, the initial values are relatively unimportant as these variables quickly change 
to reflect the internal dynamics of the model. The initial oyster density conditions are, however, 
important and the observed density of cultivated oysters along the estuary has been used as the 
initial value here. The oyster variable changes relatively slowly and the initial values adopted 
will play an important role in controlling the evolution of the system. 
 
8.2.3 Boundary conditions 
The oyster compartment, B, does not require boundary conditions, as there is no 
translocation of oysters by advection or mixing. On the other hand, the boundary concentrations 
for nitrogen, N, and phytoplankton, P, must be specified for all times. These boundary 
conditions are here assumed to be constant representing both the concentration entering via the 
fresh water at the upstream estuary limit and the two adjoining creeks, is subsequently 
transported downstream and, the concentration in the ocean, which is introduced into the estuary 
via tidal mixing. The phytoplankton concentration is set to zero at both boundaries, thus 
assuming that all primary production is generated internally in the estuary. The model has been 
found to be quite insensitive to moderate changes in the boundary conditions. Field 
measurements found maximum nitrogen concentrations (DIN) in the upstream regions, during 
periods of high flow of ~0.25mgN/l. Consequently, the freshwater N input is set to this 
concentration in the model. During dry periods of low flows, downstream N concentrations are 
very low, and as a result the oceanic boundary is set to zero concentration (see model 
assumptions below for further discussion). 
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8.2.4 Model parameterisation 
A selection of parameterisations for filtration has been used in the model employing a 
combination of total suspended matter (TSM), temperature (T) and salinity (S) dependencies. 
The TSM and filtration rate (FR) are inversely related particularly at high particulate matter 
concentrations and the relationship suggested by Bayne (2002) is used in this model (see Table 
8-2). The filtration rate is also strongly dependent on ambient temperature as can be seen from. 
the plot of SRO growth rate versus water temperature (Figure 6-19, Chapter 6) from the growth 
experiment (Chapter 6). In order to estimate the temperature dependence of filtration, growth 
rate was plotted against observed temperature for all the sample sites. Where data were not 
coincident linear interpolation was performed. A strong correlation between growth and 
temperature is evident (r2=0.64, Figure 6-19). Clearly, not all the variation in oyster filtration 
rate is explained by the temperature alone. Others (Hawkins et al., 1998), however, have noted 
strong relationships between FR and T. In this model changes in growth are ascribed to changes 
in filtration rate based on food availability. The simple linear ramp temperature scaling function 
is shown in Table 8-2. 
The filtration rate of SRO is believed to dramatically reduce as the salinity levels drop 
(Nell and Dunkley, 1984; Nell and Holliday, 1988; Holliday, 1995). The results for the ‘growth 
experiment’ in chapter 6  were consistent with this, although the relationship is not as obvious 
as for water temperature. SRO growth rates in the Clyde River, for the upstream locations in 
particular, were reduced due to the extremely low levels of salinity in the upper estuary during 
large rain events that took place in winter 2005. In these locations the water became fresh 
(<6ppt) after the flood in July 2005. Three weeks after this event, a second large event took 
place. Salinity remained <15ppt for almost 6 weeks. The salinity related scaling function is also 
shown in Table 8-2. 
Filtration rates in oysters have been found to increase as the amount of suspended matter 
increases (Hawkins et al., 1998). However, when large amounts of matter are present in the 
water column oyster filtration rates decrease as the gills clog with particles. The level of TSM 
above which FR decreases depending on the quality of the suspended matter (C:N ratio=17.5 
(Barille et al., 1997)), which is proportional to the amount of material rejected as pseudofaeces 
prior to ingestion. The relationship between FR and TSM for SRO proposed by Bayne (2002), 
in which the FR decreases linearly with increasing TSM concentration, was used here. This is 
one of the few available FR relations estimated for the SRO. Most of the published 
physiological relationships focuses on clearance rates instead of filtration rates, which takes into 
account the amount of material extracted from the water column independently of the volume of 
water filtered and are based on laboratory measurements. 
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Different combinations of scaling functions for filtration rates were used in the model to 
examine a range of scenarios. 
Food sources entering the oysters as carbon must be expressed as an increase in the whole 
weight of the oyster. Oysters analysed for condition index demonstrated a strong relationship 
between total weight of oyster and dry flesh weight (see Figure 8-3). In addition, data from the 
isotope analysis, demonstrated a relatively fixed percentage of carbon within the oyster flesh 
(46%, standard deviation 1.34, results in Chapter 7). An estimate of the increase in the total 
weight due to an increase of 1g Carbon is 47.2 g of oyster whole weight (=21.7 / 0.46).  
Only a small proportion of the food taken up by oysters during filtration is actually 
assimilated. The feeding efficiency of Pacific oysters, Crassostrea gigas, has been estimated to 
be 18% (Officer et al., 1982) and this value will be assumed here.  
Additional parameter values used are listed in Table 8-2. 
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Figure 8-3: Relationship between Total Weight (g, TW) of oyster  and Dry Weight (g, 
DW) of oyster flesh for a large number of Sydney rock oysters of many size-
classes sampled in the Clyde River 
 
8.2.5 Model Assumptions 
The model has a number of assumptions that are identified in the follwoing:  
• The original Officer model (1982) assumed a plentiful supply of nutrients to the system, 
typical of an eutrophic system. This does not appear to be the case in the Clyde River, 
as nutrient levels were extremely low and the estuary was normally oligotrophic. 
Consequently, a nitrogen component and an associated dependence of phytoplankton 
growth on nitrogen were included in the model. 
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• It is assumed there is no direct uptake of N by the oysters. It has been found that oysters 
could absorb dissolved calcium (Bevelander, 1952) and phosphorus (Pomeroy and 
Haskin, 1954) from seawater for shell formation. SRO has also been shown to be 
capable of absorbing vitamins (Nell and Wisely, 1983). It therefore seems probable, that 
SRO could absorb dissolved nutrients from the water column too. However no study 
has been found where direct nutrient uptake by oysters has been quantified. It seems 
more reasonable for the dissolved inorganic nutrient pathway to pass through 
phytoplankton to the oysters. 
• In this model there is no recycling of N through the benthic bacteria, for instance, as 
part of the oyster excretion processes (faeces production) and/or food rejection 
(pseudofaeces). Although some of these deposits may leave the estuarine system, 
inevitably some of their nitrogen will be internally recycled. Recent studies increasingly 
point to the benthic environment as an important pathway in the nutrient cycle. This is 
especially so in areas where there are large densities of filter feeders producing detrital 
matter, which gets rapidly incorporated in the benthos. As such this assumption may be 
ill-founded, especially as the isotopic analysis found that benthic diatoms played a 
significant role in the SRO diet. However, very few published models have attempted to 
include the benthos in NPO-type models even though the potentially important role that 
benthos may play in ecosystems has been recognised (Newell et al., 2002). Some 
account of the benthos and environmental indices is discussed in the following section. 
• It is assumed that each box was not significantly stratified vertically so that the water 
column in the box was well mixed. This has been validated by field temperature and 
salinity profiles, however, as mentioned in Chapter 5, the estuary showed some salinity 
stratification during the two days after the major rain events. As stratification did not 
occur consistently after the rain events and if it did, it did not remain for an extended 
period, this assumption is valid for most of the time.  
• It as assumed that seston concentrations and oyster densities are homogeneous within 
each of the boxes. Oyster densities, in particular, are concentrated within specific areas 
in the boxes corresponding to the location of the oyster leases. This may cause local 
food depletion in these areas and has potential implications for carrying capacity 
estimates. It is discussed further in the following section. In order to account for local 
depletion, much higher resolution models would be required to resolve exchange 
processes in the vicinity of farmed oyster leases. In general, shellfish models work on 
larger spatial scales that do not capture the local depletion. These models, however, still 
provide useful information on overall food levels in the system. A potential way of 
dealing with local depletion is discussed below, in term of suggested performance 
indices. 
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• In the NPO model the oceanic boundary condition for N was set to zero. Some evidence 
discussed in Chapter 5 suggests that the ocean occasionally acts as a potential source of 
nutrients. This is especially so for the downstream cultivation grounds (e.g. Clyde-2 and 
Clyde-3), and was more evident in the Shoalhaven than the Clyde River. It was also 
more noticeable for phosphorus than for nitrogen in the Clyde River, particularly after  
rain events. At most times, however, nitrogen levels near the mouth were very low and 
this assumption is generally appropriate. 
• The model does not account for the impact that other filter-feeders besides the cultured 
oysters might have on the food available and estuarine environmental processes. These 
filter-feeders include feral oysters that live on the banks of the estuaries. This could 
have a substantial effect in areas where the density of these filter-feeders is large, 
especially if they are organisms with large filtration capacity. However, the stocking 
densities used in this chapter were calculated based on the maximum potential density 
capacity that could be supported by the rack space available in the Clyde River. Oyster 
growers do not use 100% of the rack space as some of these are in areas that are 
difficult to access or that are exposed for long periods during low tide. Casual 
observations also found a very small number of Pacific oyster along the estuary and 
their numbers were too small to affect the results. 
• A zooplankton component was not explicitly incorporated, however a constant natural 
mortality rate, which will include all non-bivalve mortality, is used in the model. In 
addition, low concentrations of zooplankton were observed when sampling for 
phytoplankton samples.  
8.2.6 Model output 
The coupled hydrodynamic-NPO model was integrated over a period of approximately 2 
years where flow, temperature, salinity and TPM measurements were available. Figure 8-4 
shows the last year of integration where the filtration is parameterised as a function of 
temperature and salinity only and oyster stocking densities were set to the observed values 
estimated at each cultivating ground (Table 8-1). Modelled and observed salinity levels were 
previously compared in Chapter 5 (Figure 5-9). In general the modelled salinity was in good 
agreement with the observations. Field measurements showed that nitrogen and phytoplankton 
have their greatest response after rain events (Figure 8-5). Salinity, as a conservative tracer, is 
only depleted through advection and mixing. For modelled nitrogen, after an initial rapid build-
up soon after a rain event, concentrations fall more rapidly than salinity as phytoplankton takes 
up nitrogen. This feature is also evident in the field observations also (Figure 8-5).  
In the model the phytoplankton responded dramatically to rain events showing a strong 
gradient from upstream to downstream. Between rain events, phytoplankton levels are very low. 
  
A. Rubio Chapter 8 Page 246 
While the observed phytoplankton also showed a marked response to rain events, the along 
estuary gradients were generally weaker and the periods between the rain events often showed 
significant levels of phytoplankton. In some cases phytoplankton levels were higher in the 
downstream or midstream locations than upstream locations suggesting either occasional input 
of phytoplankton and/or nutrients from the ocean or local blooms resulting from unresolved 
internal nutrient recycling or due to the resuspension of benthic diatoms. 
As discussed in section 5.2.7 the effect of low resolution sampling compared to the 
model’s high frequency output, has the effect of spreading out the sharp features (Figure 8-6). 
This goes a long way to explaining the discrepancies between model and observation.  
 
Figure 8-4: Model output of surface contour plots for salinity (ppt), dissolved inorganic 
nitrogen (mgN/l) and the phytoplankton (mgC/l) using observed oyster 
stocking densities for each box. Oyster filtration parameterised as a function 
of temperature and salinity only  
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Figure 8-5: Evolution of the observed levels in the Clyde River for salinity (ppt), 
dissolved inorganic nitrogen (mgN/l) 
White circles represent data points. X-axis: Distance from the mouth (km) 
 
Figure 8-6: Modelled evolution of salinity (ppt), dissolved inorganic nitrogen (mgN/l) and 
the phytoplankton (mgC/l) as per Figure 8-4 but sub-sampled at times and 
sampling locations consistent with the observed time series shown in Figure 
8-5 
X-axis: Distance from the mouth (km) 
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8.2.6.1 Dynamics of a rain event 
During some rain events measured phytoplankton levels do not increase steadily. Instead, 
there is a small but quick bloom followed by a period of very low concentrations and later by a 
second more sustained bloom (Figure 8-5, July 2005 rain event). These series of events are also 
evident in the model and are much more pronounced. To examine the causes of this, the 
individual terms associated with the rate of change of the phytoplankton state variable are 
assessed for a representative rain event (for Box 6 in Figure 8-7). These terms are given below: 
 
Gro6 = Kp6(t) P6(t) 
Mix6 = E67 ( P6(t) – P7(t)) – E56 (P5(t) – P6(t) ) 
Adv6 = R(t) ( P7(t) – P6(t) ) 
Upt6 = -B6(t) FR6(t) P6(t) /1000 
Mort6 = -Mp*P6(t) 
 
Figure 8-7 shows the modelled dynamics in Box 6 following a rain event. An initial weak 
rain event took place (day 855 in Figure 8-7), which brought in a small amount of nitrogen. This 
then caused an increase in primary production (bottom panel, Figure 8-7). A larger event 
followed on day 860, which resulted in a significant increase in water flow and DIN 
concentration. Even though nitrogen concentration increased, modelled phytoplankton 
abundance dropped sharply. At this point, as seen in the top panel, the advection term becomes 
very negative indicating that this strong flushing is removing phytoplankton from Box 6. Once 
the flow discharge weakens the still high nutrient concentration allows phytoplankton to bloom 
(growth term). As there is now a strong estuarine gradient in the phytoplankton concentration 
the mixing term also becomes important in diminishing this concentration gradient in the 
system. The advection term is now positive as higher concentrations of phytoplankton are 
advected into Box 6 from upstream with the river flow. Finally, the nutrient is used up and 
phytoplankton growth rate quickly drops. While the phytoplankton concentration is still high 
and the estuarine gradient still exists, both mixing and mortality terms act to reduce the 
phytoplankton levels. 
In order to explore the potential effect of increasing oyster stocking densities in the 
estuary, a scenario was run with observed oyster densities increased by a factor of ten. The 
output of this scenario is shown in the right hand panels in Figure 8-7. The associated 
phytoplankton levels were not significantly reduced despite the large increase in oyster 
densities. During the rain event under high oyster densities, the oyster uptake term resulted in a 
decrease in phytoplankton levels. However, this term was still less important than the other 
terms and no other changes occurred under these conditions for any of the other terms affecting 
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phytoplankton levels. The inset plots in Figure 8-7 represent the various terms during a period 
of low flow (period shown by the black arrow). Comparing both scenarios under low flow 
conditions, the oyster uptake in the high-density scenario, is more important with almost the 
same effect as the natural phytoplankton mortality term. 
In summary, the model results suggest that the estuary behaves in episodic fashion. After 
intense rains in the catchment phytoplankton increases dramatically. During these periods 
current oyster densities appear to have little influence on the predicted phytoplankton dynamics, 
at least at a large spatial scale. Instead physical processes in the estuary dominate. At the 
observed level of stocking densities, the ecological carrying capacity does not seem to be 
exceeded. In other words, at this level of stocking the oyster culture does not appear to be 
significantly impacting the functioning of the estuarine system, in particular for the levels of 
phytoplankton. This does not mean, however, that at an oyster lease scale where oyster densities 
would be considerably higher, food would not be depleted. 
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Figure 8-7: Terms that contribute to the changes in phytoplankton concentration in a single box 6 (~8km upstream) following a rainfall event: growth of 
phytoplankton (gro); tidal mixing (mix); riverine advection (adv); oyster uptake (upt) and natural phytoplankton mortality (mor). Right plots 
resulted from increasing the observed oyster stocking density (left panels) by 10 times 
Note: Filled black line indicates the time and magnitude of the river flow. Inset panels show zoomed in section during period of low flow (shown by 
arrows). Lower panels show simulated phytoplankton, P6(t) and nitrogen N6(t) concentrations 
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8.2.6.2 Oyster performance 
Figure 8-8 shows the predicted evolution of oyster biomass for different cultivating 
grounds. The coupled model demonstrates that when it is assumed that the levels of primary 
production in all grounds are controlled by external upstream nutrient input, the model cannot 
account completely for the observed oyster growth. In the simulation all regions showed a 
decrease in biomass over the period of the integration (Figure 8-8). The isotope analysis, 
however, showed that other food sources, almost certainly derived from the resuspension of 
benthic material or oceanic sources, play an important role in the oyster diet. These are not 
included in the model. The consequences of this can be seen by comparing the predicted and 
observed phytoplankton dynamics in Figs 8-5 and 8-6. It can be seen that the predicted 
phytoplankton concentrations are extremely episodic. The measured concentrations however 
show much greater persistence during dry times indicating additional sources of nutrient inputs. 
 
Figure 8-8: Evolution of modelled oyster biomass (Benthos, g m-3) over time for four 
cultivation grounds along the Clyde estuary and associated average estuarine 
water temperature (°C) (right panel). Oyster Performance index (PI= 
biomass*survival) associated with each box is shown above each panel. 
Oyster filtration parameterised as a function of temperature and salinity 
only 
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As this model does not include the additional food sources required to maintain the 
observed oyster growth it cannot be used directly to assess issues relating to oyster stocking 
density. 
Some authors (Webster and Lemckert, 2002) have attempted to model the effect of 
resuspension. In order to model resuspension, substantial additional information including 
particle size distributions, benthic composition and turbulence regime within the water column 
is required. This additional information was not collected in this study and the inclusion of 
resuspension is beyond the scope of the present study.   
8.2.6.3 Model predictions with additional particulate organic carbon, 
POC forcing 
In order to explore the capability of the model to estimate realistic oyster growth rates, an 
additional food source was introduced and made available to the oysters. Estimates of the 
particulate organic carbon in the suspended matter from field measurements were available. 
These were incorporated into the model as an additional potential food source for the oysters. 
This represents an external forcing and so concentrations of POC are unaffected by any model 
process. 
With the additional POC available to the oysters, oyster biomass now increased with time 
(Figure 8-9 to Figure 8-11) and provides some evidence that the model is realistically 
representing the overall food uptake by the oysters. In the absence of POC, the phytoplankton 
input on its own was unable to account for the observed oyster growth. 
As described in Table 8-2, oyster filtration may be dependent on a number of physical and 
chemical factors. The effect of these factors on filtration and subsequently on changes of 
observed oyster biomass were investigated in this section. In order to compare the modelled 
biomass changes with observed changes, the oyster performance index (PI) used in the growth 
chapter, was employed here. These indices were calculated based on the oyster biomass 
increment and mortality for a specific oyster size-class during a specific period.  
Different filtration rates are expected to cause different oyster growth rates. When filtration 
was dependent on T, S and TSM, the oyster performance indices (PI) for each of the cultivating 
grounds were within the ranges estimated in Chapter 6 (of 1.64 to 1.33 for an oyster size-class 2 
and 3, respectively) (Figure 8-9). When the filtration rate was assumed to be dependent on T 
and S (Figure 8-10), or only on T, the PI calculated based on the model output were similar, but 
slightly higher than the field observations. These results suggest that temperature does not have 
a sufficient influence on oyster growth despite the good relationship found between growth and 
water temperature (Figure 6-19, Chapter 6). These indices were even higher if the filtration rate 
was set as a constant, using Bayne et al (2002) FR as a function of spatially and temporally 
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averaged TSM. This indicates that the coupled variation in the levels of T, S and TSM together 
influence oyster growth.  
The model for all filtration rates predicted consistently high values of PI for the upstream 
locations. In contrast, the PI estimated from field data in Chapter 6 for the different cultivating 
grounds showed consistently high values for the downstream location as a consequence of the 
highest growth rates in these grounds. The low PI derived from the modelled oyster biomass at 
the downstream locations of the Clyde River appears to be a consequence of the assumed 
absence of oceanic nutrient input or resuspension in the model (see boundary conditions in 
section 8.2.3). 
In summary, the input of POC as an additional carbon food source in the model permitted 
the modelled oyster biomass to increase. Increases were closer to observed behaviour when the 
filtration rates were parameterised as a function of T, S and TSM. Seasonal variation and dry 
and wet conditions influence the oyster filtration rate and, consequently, the growth rates and 
oyster PI. Therefore, the dependence of filtration rates on these parameters needs to be included 
for more realistic predictions.  
 
 
Figure 8-9: Modelled oyster biomass time series where POC was incorporated in model 
as an additional food source. Each subplot corresponds to different 
cultivating grounds. Filtration rates used were a function of T, S and TSM 
(Table 8-2)   
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Figure 8-10: Modelled oyster biomass time series where POC was incorporated in model 
as an additional food source. Each subplot corresponds to different 
cultivating grounds. Filtration rates used were a function of T and S (Table 
8-2)   
 
Figure 8-11: Modelled oyster biomass time series where POC was incorporated in model 
as an additional food source. Each subplot corresponds to different 
cultivating grounds. Filtration rates were constant using a spatially and 
temporally averaged TSM value so that F=0.99 l/d/g oyster based on Bayne 
et al., 2002  
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8.3 Environmental indices (EI) 
A series of environmental performance indices (EI) have been recently reviewed for 
suspended bivalve culture systems (Gibbs, 2007) in order to assess the potential of the culture 
systems from an ecological and production aspect. Care should be taken when applying these 
indices to different culture systems as the processes governing each system may play different 
roles in the overall ecosystem. For example, a suspended bivalve culture in an open bay might 
be driven mainly by oceanic currents while an intertidal culture set up in an estuary might be 
driven mainly by tidal advection processes. Consequently, each of these indices has to be 
applied to the particular systems and comparisons across systems might not be straightforward. 
The environmental indices proposed in this section might be more useful to bivalve 
growers and estuary and fishery managers than available numerical models as they are simpler 
to use and easier to understand. Different stakeholders may be interested in different 
environmental indices depending on their interests such as, for example, ecological or 
production carrying capacity.  
Three parameters have been identified as the major drivers of a filter-feeding culture 
system. These are: water mass residence time, primary production time and bivalve clearance 
time (Dame and Prins, 1998). The environmental indices calculated in this section are based on 
these time scales. Each EI was calculated for the case study of the Clyde River. The EI were 
calculated for the overall estuary and, where data were available, were also estimated for each 
of the individual cultivating grounds used in the ‘growth experiment’ (Chapter 6) in which 
growth performance was assessed during a two-year sampling program. 
8.3.1 Clearance efficiency ( Environmental Index ‘EI-1’) 
The clearance index is a measure of the time that water remains in an area compared to the 
time that it takes for an amount of oysters to filter that water. With this index (EI-1), oyster 
filtration rates are compared to the physical processes that contribute to food renewal in the 
Clyde River. The actual quantities of food in the water column or its internal production rate are 
not considered at this stage.  
timeclearanceoyster
timeresidencewaterefficiencyClearance =      [8-4] 
The water residence time is the period taken to renew all the water in a particular area by 
advective and mixing processes while the oyster clearance time is defined as the amount of time 
that it takes the oyster to filter all available particles from an amount of water. Low values of 
this indicator (<0.05) indicate that the culture cannot significantly influence the system while 
high values (>1.0) indicate that the location is being flushed at a slower rate than oyster 
filtration (Gibbs, 2007). 
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The residence time for the entire estuary was calculated using the tidal prism method. The 
tidal prism is the additional amount of water that enters the estuary between the low and the 
high tide. In the Clyde the effect of the tide decreases from the mouth to 40km upstream- tidal 
limit. The tidal range was based on the average, maximum and minimum ranges over a 
spring/neap cycle. This method assumes that none of the cleared water re-enters the systems. 
Residence time values calculated in this way will therefore under-estimate the real times, 
particularly in upstream locations. Estimates for the individual cultivating grounds were 
obtained from flushing times derived from the Clyde hydrodynamic model (WBM Oceanics 
Australia, 1999a) and used in the calibration of the hydrodynamic model developed in Chapter 
5. The box residence times were estimated as twice the values of the flushing times (equivalent 
to an approximately 90% turnover of water in the box). Unlike the tidal prism method, these 
hydrodynamic estimates take into account the amount of water that re-enters the boxes over a 
tidal cycle. However, this index at the overall estuarine level does not consider the variation on 
water inflow as a consequence of catchment size discharge.  
An estimate of the range of the clearance efficiency index was made by 1) calculating the 
total residence time using the maximum and minimum tidal ranges during spring and neaps and, 
2) calculating the oyster clearance time based on different possible filtration rates. There have 
been a number of studies that have examined the various filtration rates (FR) for SRO under 
various environmental conditions. Bayne et al (2002) found a relationship between FR and 
TSM where FR (l/hr) =2.1 - 0.09 TSM. This relationship was used together with field TSM 
levels using average TSM and the average ± 1 standard deviation, to estimate a mean and a 
range of the FR.  
Table 8-3: Environmental performances indices (EI) and terms making up these indices 
Site/ 
box 
Clearance 
 time 
Residence 
time 
EI -1 Carbon 
required 
by oyster
Carbon 
fixed by 
phyto 
EI-2  Kp - M EI-3 EI-4 
 day day Clearance 
efficiency 
g C/yr 
106 
gC/yr 
106 
Filtration 
Pressure 
Day-1 Regulation  
Ratio 
1 + 2 16 2 0.12 15 47 0.32 0.19 0.32 0.10 
3 33 4 0.12 10 73 0.14 0.20 0.15 0.05 
4 2 10 5.75 16 5 3.20 0.19 3.04 0.02 
5 51 7 0.14 4 43 0.09 0.20 0.10 0.03 
6 64 13 0.20 3 47 0.06 0.20 0.08 0.02 
7 94 18 0.19 2 55 0.04 0.20 0.05 0.01 
estuary 25 1.99 0.08 52 273 0.19 0.20 0.21 0.10 
          
A) 69 1.33 0.02       
B) 15 4.00 0.27       
A) values calculated using the filtration rate function dependent on values of TPM 
(Bayne et al., 2002) for high TPM levels of 19 mg/l 
B) values calculated using the filtration rate function dependent on values of TPM 
(Bayne et al., 2002) for high TPM levels of 3 mg/l 
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On average it takes approximately 25 days for the oysters in the Clyde River to filter the 
water volume present in the lease area of the estuary, while the overall tidal residence time was 
estimated to be 2 days (Table 8-3) giving the clearance efficiency index calculated for the whole 
estuary as 0.08. This index suggests that physical processes associated with tidal mixing are 
more important than oyster filtration in overturning water in the estuary, suggesting that the 
oysters are having on average a minimal impact. By comparing the maximum and minimum 
estimates in the residence and clearance times a range in index values of 0.02 to 0.26 was found. 
Additional filtration rates obtained in the literature were investigated also. The maximum FR 
found for the SRO of 7.2 l/day/g of oyster (Bayne, 2002) gave a potential maximum index of 
1.1 indicating similar values of oyster clearance time and water residence time, indicating that at 
this rate, oysters would have a significant impact on the estuary. Obviously this index is very 
dependent on the filtration rate used. However a reasonable estimate of the index for the whole 
estuary is probably considerably less than 1.  
Estimates of the clearance efficiency index for each of the cultivating grounds in the main 
stream showed values between 0.08 and 0.2 consistent with the overall estuary. A very different 
result is obtained in Mogo Creek (box 4) where the density of oysters was extremely high 
resulting in an area where oyster clearance dominates over mixing. 
Gibbs (2007) suggested a critical value of 0.05 below which the ecological carrying 
capacity is not exceeded and so the estuary system is not affected by the oyster culture. For 
index values greater than 1, the oysters would be expected to regulate phytoplankton dynamics. 
The clearance efficiency index values for the Clyde River tend to lie in the middle where the 
culture is affecting the estuarine system but not controlling primary production, except for 
Mogo Creek. 
 
8.3.2 Filtration pressure (Environmental Index ‘EI-2’) 
The filtration pressure index is the ratio of the annual carbon extracted from the water by 
the oysters to the annual amount of carbon fixed by phytoplankton. This index gives an estimate 
of the resources required by the oyster cultivation based on the resources generated in the 
system (Gibbs, 2007). This measure does not include food sources that originate outside the 
system (e.g. magrove detrital, run-off material) but does include all food sources derived from 
the carbon within the system. 
tonphytoplankbyfixedcarbonAnnual
oystersbycolumnwaterfromextractedcarbonAnnualpressureFiltration =
         [8-5] 
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Very low values of this indicator (<0.05) indicate that very little of the carbon resources 
generated within the region are passing through the oyster while a value of 1.0 suggests that the 
oyster are at the production limit of the region (Gibbs, 2007). The biomass of oysters in the 
Clyde River here was estimated on the basis of a 25g ‘average’ oyster. The total number of 
oysters is multiplied by the growth rate of 1.1g/month found from the field experiments under 
the ‘growth experiment’ program (Chapter 6) to estimate the total increase in biomass of the 
oysters. In theory, in order to obtain a better estimate of this index, specific growth rates for the 
different oyster size-classes and the proportion of each size-class to the overall oyster density in 
the Clyde River would be preferable. This information was unavailable. Annual oyster mortality 
(~20% based on field observations) was considered also when calculating the annual increase of 
oyster biomass. In order to convert oyster biomass increase into total carbon assimilated, a total 
weight:dry weight ratio and a carbon content in oyster flesh value was required. The total 
weight:dry weight ratio of 21.7 was obtained from condition index analyses of large number of 
SRO including a wide range of size classes. This value is very close to the value of 20 by 
Ferreira et al., (1998) for the Pacific oyster. The amount of carbon present in the oyster flesh 
was obtained from the isotopic sampling and estimated at 46% averaged over the whole oyster 
body (see Chapter 7). To achieve a given increase in carbon a considerably larger amount of 
carbon must be extracted from the water column. This proportion has been termed as the 
‘feeding efficiency’ and a value of 18% has been taken from studies of the Pacific oyster 
(Officer et al., 1982). 
Estimates of the amount of carbon fixed by phytoplankton were obtained from field 
measurements of chlorophyll-a and inorganic nitrogen. The amount of carbon fixed per year is 
given by 
∑
=
Δ
365
1t
p ttPtK )()(  
where Kp is the nutrient limited phytoplankton growth rate defined as  max)(
)( μ
xNtN
tN
+ , 
Nx (= 0.014 mg N/l) is the nitrogen half-saturation constant (Chen et al., 1997), maxμ (= 0.5, 
(Moore et al., 2006) is the maximum phytoplankton growth rate, P(t) is the phytoplankton 
concentration based on a C:Chl-a ratio of 40:1 and, N(t) is the inorganic nitrogen concentration. 
This principle was also used for calculating primary production in the NPO model. Oyster 
stocking densities, chl-a and nitrogen were measured for all the cultivating grounds allowing the 
calculation of the filtration pressure index for each box. 
The Environmental Index ‘Filtration pressure’ for the whole estuary was 0.2 with similar 
values for the various cultivating grounds except for Mogo Creek (box 4) (Table 8-3). This 
suggests that there is sufficient carbon produced internally within the estuary or most of the 
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individual growing regions to meet the carbon requirements of the SRO. In Mogo creek, the 
small water volume and high stocking densities means that in situ production is insufficient. 
Gibbs (2007) suggests that values of <0.05 mean that the cultivated oysters are not having a 
significant influence in the carbon cycle. In this study, this is only true for box 7, which is the 
furthest upstream site and has the lowest oyster densities. The other sites, except for Mogo 
Creek, appear to exceed the ecological carrying capacity (>0.05) without reaching the 
production carrying capacity (=1), where the oysters are using all the available primary 
production (Gibbs, 2007). 
Benthic diatoms should also be considered as carbon sources for oysters as it has been 
shown here they are potential food sources of the SRO. These food sources have been suggested 
previously in the literature (Meleder et al., 2005; Gibbs, 2007) and were shown to be important 
in the Clyde by C and N isotope techniques described in Chapter 7. The use of chl-a, as a proxy 
for pelagic phytoplankton biomass, means that this excludes any primary production that occurs 
in the benthos. Hence, this is a limitation of this index. A shortfall of this index is that it takes 
no consideration of water transport. This is particularly important in an estuarine environment 
where, a large flow can effectively flush large quantities of phytoplankton out of the system 
(section 8.1). 
In order to achieve a more realistic index value, local nutrient regeneration has to be 
considered. As this index does not take into account any exchange of water and phytoplankton 
from external sources, in situ nutrient production needs to be accounted for, in particular 
through the role that the benthic community has in the overall primary production.  
8.3.3 Regulation ratio (Environmental Index ‘EI-3’) 
This EI is defined as the ratio of the proportion of water filtered by the oysters per day to 
daily phytoplankton turnover rate. This index is an indication of the control that the oysters have 
on the phytoplankton dynamics. The proportion of water that oysters filter daily is simple the 
inverse of the clearance time calculated in the clearance efficiency index (section 8.3.1). To 
calculate the daily phytoplankton turnover rate the Kp growth term is used (section 8.3.2) from 
which a constant mortality rate is subtracted (0.1 day-1, Cloern 2007).  
rateturnovertonPhytoplank
dailyfilteredvolumeofRatiogulation %Re =      [8-6] 
Very low values (<0.05) suggests oysters play a very minor role in phytoplankton 
dynamics while values closer to 1 suggest oysters are controlling the dynamics in the region 
(Gibbs, 2007). The overall estuarine value was 0.21 (Table 8-3) with the various cultivating 
grounds located in the main stream ranging between 0.05 where oyster densities are the lowest 
to 0.32 where the densities are the highest (Table 8-3). On the other hand, the regulation ratio 
index for Mogo creek was higher than ~3 indicating that the oysters in this creek are controlling 
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the phytoplankton concentrations. As for previous indices, Gibbs (2007) suggests values less 
than 0.05 as the limit for the system reaching the ecological carrying capacity. Based on this 
limit, most of the Clyde estuary is operating beyond the ecological carrying capacity although 
the oysters are not the major controlling factor of the phytoplankton except in Mogo creek. 
8.3.4 Phytoplankton-flushing index (‘Environmental Index ‘EI-4’) 
The physical processes within the estuary are neglected in this index as they are in the 
filtration pressure index. Even though the regulation ratio and the filtration pressure indices are 
in general significantly less than 1, estuarine flushing has the potential to remove available 
carbon from the area where it is produced thus stopping it from being available to the oysters. 
As a result, an additional EI, the ‘phytoplankton-flushing index’ is suggested here. A 
comparison of the phytoplankton turnover time with the water residence time gives an 
indication of the potential control that the estuarine flushing has on the phytoplankton 
population. This index can simply be calculated as the ratio of the phytoplankton turnover rate, 
as calculated in the regulation ratio index, to the (1-over) reciprocal of the residence time, as 
calculated in clearance efficiency index.  
rateresidenceWater
rateturnovertonPhytoplankRatioFlushingPhyto =−   8-7 
When this index is <1 it implies that the estuarine flushing is controlling the potential 
phytoplankton growth. In the Clyde River the total estuarine phytoplankton flushing index and 
all the individual cultivating grounds have indices much less than 1 indicating that even though 
phytoplankton turnover and total carbon produced may be sufficient to maintain the oysters, 
flushing has the potential to remove much of the available carbon source from its area of 
production. This result is consistent with results obtained from the NPO model (section 8.1), 
which shows that both tidal mixing and river advection after periods of high rainfall, have the 
ability to severely affect phytoplankton growth. The first three indices suggest that, with the 
exception of Mogo Creek, the oyster density in the Clyde has not exceeded the production 
carrying capacity of the Clyde. The NPO model, however, demonstrates the importance of 
including detrital food sources, benthic production or other external sources on estimating 
carrying capacity. 
8.4 Discussion and Conclusions  
One of the objectives of this work was to develop a simple ecological-trophic coupled 
model of oyster growth and productivity. The coupled NPO model developed in this chapter 
combines the simplified one-dimensional flow hydrology of the estuary, the nitrogen cycling 
and the oyster biomass production through three coupled equations, each with measurable or 
easily estimated parameters. Model predictions show the increase in phytoplankton 
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concentrations that follow nutrients inputs due to rain events. Comparison with field 
observations shows that although the model replicates the gross features, it fails to replicate the 
details of observed behaviour and predicts oyster performance indices that decrease with time. 
One of the reasons for this is that the model does not take into account the role of benthos in 
contributing to phytoplankton dynamics and oyster growth. The inclusion of measured 
particulate organic carbon as an additional food source improves the model performance. In 
addition, inclusion of the functional dependencies of filtration rate on T, S and TSM allows 
realistic prediction of the increase of oyster performance indices with times and gives values 
within the range of those estimated in the field. 
As an alternate approach, environmental indices have been proposed to examine the 
ecological and production carrying capacity of growing areas in estuaries. Here the clearance 
efficiency, filtration pressure and regulation ratio indices (Gibbs, 2007) have been explored 
using the measured values for the Clyde River. It was proposed that an additional index, 
phytoplankton-flushing index, is required. This index compares the phytoplankton turnover time 
with the water residence time and gives an indication of the potential control that the estuarine 
flushing has on the phytoplankton population.  This approach suggests that the Clyde River was 
below its production carrying capacity for all but one location. 
One issue, identified above, for both the coupled NPO model and the environmental 
indexes is local depletion. The values of each of the terms in the environmental indices or in the 
NPO model boxes are spatially homogeneous within the area under consideration. Oyster 
densities are likely to be highly variable within a growing area. In the growing areas represented 
by boxes in the Clyde River, oysters are aggregated within a small lease area located mainly at 
the sides of the estuary. If mixing within an area of the estuary is weak, then food resources can 
be severely depleted locally within a small area surrounding a lease. Thus any estimates of 
carrying capacity at the lease level estimated using these large scale indices, would be 
overestimated. This issue of scale has been raised recently by (Duarte et al., 2005).  
As local densities of oysters are considerably higher than regional or estuary averages, it is 
likely that estimates of potential carrying capacities based on large-scale density estimates will 
be over optimistic. Gibbs (2007) discusses the question of scale and suggests an addition index 
called ‘depletion footprint’. This index is only a synoptic snapshot of the chl-a concentrations at 
various depths inside and outside farms and/or leases in order to estimate the size of the area 
around a lease that is subject to depletion. Both the size of the depleted patches and the 
magnitude of these patches are important (Gibbs, 2007) so that a coefficient of percentage of 
depletion is applied to a certain fraction of the cultivation area. Knowledge of this scale of 
depletion allows, in principle, further application of Gibb’s indices, assuming that the 
phytoplankton growth rates, and estuarine residence times are homogeneous across the system 
under consideration. This permits the index terms that relate to oyster density to be modified to 
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take into account the local scale over which the food depletion is taking place. These 
assumptions are reasonable as oyster density is probably more heterogeneous than the other 
factors. If an estimate of the relative size of the depleted area/volume to the total area/volume 
under consideration can be made (depletion footprint index, (Gibbs, 2007)), then all EI terms 
containing oyster density can be scaled by this ratio. Scaling the EI in this way from estuary 
scale to lease scale appears more relevant when assessing carrying capacity in areas of high 
oyster densities. Obtaining the correct scale information to apply Gibb’s depletion footprint 
index requires multiple synoptic snapshots in order to quantify any temporal variability in the 
depletion rates per area through time and across a tidal cycle.  
To incorporate local oyster density in the coupled NPO model requires the use of much 
higher spatial scales, or the addition of boxes specifically for the lease areas, together with a 
knowledge of how the water mixes between the main estuary and the lease areas. A refined 
model would have a set of boxes for the lease scale coupled to the mainstream box model, 
which would also be coupled to the hydrodynamic model. There would, however be a 
concomitant increase in the amount of information required to drive the model. 
Both of the model approaches used in this chapter could be used separately or in 
conjunction. When both approaches complement each other, more realistic results are achieved. 
Both of the approaches in this chapter showed consistent results. Phytoplankton levels alone 
could not account for the observed oyster growth. Additional food sources need to be 
considered as demonstrated when POC was added in the NPO model. These results are 
supported by the findings on the isotope chapter which suggests that the benthic community to 
plays a major role in oyster growing estuaries as potential food sources or as nutrient 
regenerating agents.  
Based on the various environmental indices, oysters in the Clyde River appear not to 
control the phytoplankton level, except at one location. This suggests that the ecological 
carrying capacity of the estuary is not exceeded. However, this does not mean that at a local 
scale, where depletion by oysters is much stronger, such as at Mogo Creek, the carrying 
capacity of the cultivating system might be exceeded.  
Two of the environmental indices did not take into account the exchange of water and 
phytoplankton with the oceanic sites. This has major implications in estuaries with tidal 
influences or where physical processes control primary production rather than cultivated oyster 
biomass. Phytoplankton turnover and carbon produced in the system is enough to sustain the 
observed density of oysters in the Clyde. However, this might not be the case in closed-lakes 
with no tidal influence. There is a need to develop the environmental indices approach for 
management of different systems. As Gibb’s (2007) suggested, a matrix-type might be required 
in which the various EI are combined and weighed for a final score.   
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Temperature, salinity and TSM influence filtration rates (Table 8-2) and oyster growth. It 
therefore appears that EIs may need to be calculated seasonally in order to accommodate these 
influences.  
In this chapter it has been seen that during wet periods, advection controls the system. 
During dry periods with low inflows from the upper catchment, oyster stocking densities are 
more important in controlling primary production. Assessing carrying capacities in the Clyde 
River is challenging, as rainfall is episodic. It has been demonstrated here that there is a strong 
link between dissolved inorganic nitrogen, phytoplankton and oyster biomass growth. The 
levels of nitrogen vary depending on river discharge and flushing of nitrogen and phytoplankton 
are flushed out of the estuary. The comparison between NPO model predictions and 
observations shows that the amount of nitrogen/phytoplankton needed to sustain oyster 
cultivation in the Clyde requires an additional nutrient input beyond the up-stream inputs 
discharged after rain events. Based on the Clyde water flow and water quality data (Chapter 5), 
oyster growth rates (Chapter 6) and the detailed analysis of individual rain events, it appears that 
frequent small scale rain events of approximately 20mm/day bring sufficient nutrients plus the 
resuspension of surficial bottom sediments to sustain the oyster population in the Clyde River 
without exceeding the production carrying capacity. 
The environmental indices approach, suitably modified to account for local oyster 
densities, appears a more appropriate and useful tool for estuary managers and farmers as they 
are easier to calculate and to understand. 
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Chapter 9: Discussion and Conclusions 
 
The Sydney rock oyster industry, as discussed in Chapter 1, is one of the few remaining 
indigenous oyster industries in the world. For thousands of years Sydney rock oysters (SRO) 
supported coastal aboriginal communities and, after European settlement, they were the basis 
for Australia’s oldest continuing aquaculture industry. In Chapter 1, the long-term, overall 
decline in production and performance of cultivated Sydney rock oysters in NSW estuaries and 
the variability of production, particularly in southern estuaries were identified as major 
concerns. Despite the maturity of the SRO industry, the review here of published results 
(Chapter 2) demonstrates there are considerable gaps in our understanding of the response of 
cultured oysters to environmental factors and management regimes in estuaries. This thesis 
presents a field study of some of the important aspects influencing the SRO industry in two 
neighbouring southern NSW estuaries, one with a near-pristine catchment, the other with 
considerable catchment development. 
9.1 Do environmental parameters limit SRO growth in 
NSW? 
The main hypothesis (section 1.5.3) examined in this thesis is that the decline of SRO 
production in NSW is a result of environmental parameters limiting oyster growth per 
cultivation area. This has been examined here on three different scales: a large scale that 
compared the two different estuaries; an intermediate scale that encompassed large cultivating 
regions within the estuary and, a small scale that focuses on the individual oyster lease. The 
field experiments were conducted in two neighbouring estuaries on the NSW south coast and 
the criteria for selecting these estuaries has been discussed in section 3.1. The Clyde River has 
an almost pristine catchment. In contrast, the Shoalhaven is a regulated river and has major 
agricultural, industrial and urban development in its catchment. During the course of this work, 
a major ENSO-related drought occurred over much of eastern Australia. Many of the 
measurements here were therefore under base-flow conditions with very limited river discharge. 
Fortunately, some significant discharges did occur so that their impacts could also be studied.  
Oyster growth and survival clearly depends on the complex interaction of a range of 
physiological, health, environmental and management factors such as oyster genetics, oyster 
disease outbreaks, water conditions, season, food availability and quality, oyster stocking 
densities and management techniques. To a first approximation, the growth of a population of 
oysters can be approximately expressed as: 
 
Oyster growth= f(temperature, salinity, water quality, food supply, oyster density, management) 
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Modulating this are differences due to genetics and age of oysters. The components in this 
relation are not independent. Some involve feed-back loops and some are also dependent on 
other factors. For example, food supply is dependent on the local hydrodynamics as well as the 
water quality, season and climate. 
This thesis has attempted to examine these complex dependencies and interactions by 
studying the individual components in the field and measuring the response of native 
populations of oysters to natural changes in these components. In order to integrate any of these 
interacting components, models have been developed at appropriate scales. These were aimed at 
assessing the sustainability of oyster production and to provide information to improve 
management of the culture system. The characteristics and behaviour of individual components 
and their integration were addressed here through a series of objectives (section 1.6), which are 
discussed in the following sections. 
9.2 Spatial distribution and temporal variation of 
seston and water quality 
Australian rivers are generally characterised by large flow variability as a result of episodic 
rainfall events and large seasonal changes in evapotranspiration. The Clyde and Shoalhaven 
estuaries also exhibit highly variable hydrology, with episodic, major rainfalls which produce 
large temporal and spatial changes in the estuarine environment. The first objective of this work 
was to determine the spatial distribution and dynamics of seston and water quality in the Clyde 
and Crookhaven/Shoalhaven R. estuaries (Section 1.6).  
In general the measured physico-chemical and nutrient parameters in estuaries were more 
variable in time rather than spatially (Chapter 5). Significant differences, however, were evident 
in some water quality properties between the two estuaries. Water temperature varied seasonally 
as expected, but with the Shoalhaven being at times 1-2ºC warmer than the Clyde. These 
differences were more than what would be expected from oceanic temperature differences based 
on latitude, although the Shoalhaven is generally a shallower river than the Clyde. This 
temperature difference became critical in winter when temperatures dropped below 13ºC in the 
Clyde but not in the Shoalhaven estuary. The SRO becomes inactive below this temperature 
making the estuarine temperature difference important in determining growth in winter. The 
implication here is that the higher SRO growth rates found in the Shoalhaven (Chapter 6) could 
be due to growth all year around in this estuary. As a very crude test of this, the coupled model 
of Chapter 8 was re-run with a 1°C increase over the observed temperatures normally used to 
run the model. Although the model was set-up for the Clyde, this represents an initial estimate 
first guess of the effect of increased temperature in the Shoalhaven. Production index (PI) 
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increased between 5-15% with the enhanced temperature. This matches well the differences in 
observed growth (section 6.1.3.1) and estimates of PI (section 6.3 and 9.3.3). 
Mean salinities in the Shoalhaven were greater than those in the Clyde. It is not clear if this 
is due to the fact that the Shoalhaven is a regulated river with upstream flows diverted into 
Sydney’s water supply storage system or whether it is due to the fact that in the Clyde, sampled 
sites were further upstream than those in the Shoalhaven. 
Both rivers exhibited the expected downstream gradients of mean increasing salinity and 
downstream decreasing gradient of temperature. Under dry conditions, which were the norm 
during this study, the salinity difference between the mouth and the upstream site (at 11 and 
6km for the Clyde and Shoalhaven) was 7-8‰ and 5-6‰, respectively. In the Clyde the mean 
temperature of the furthest upstream site was 1.5°C higher than the most downstream site.  
9.2.1 Advection-diffusion model of the Clyde River 
In order to understand the importance of hydrodynamics, discharge response and flushing 
times along the Clyde estuary a simple one dimensional box model was developed in Section 
5.2.7. In the 10-box model with input from two creeks and one upstream water sources and 
downstream oceanic mixing, it was assumed that the salinity distribution is only dependent on 
mean river flow and tidal mixing, assuming salinity to be a conservative tracer. Salinity 
measured in this work were used to validate the 1-D model. The modelled salinity was in good 
overall agreement with the measured evolution of salinity transects along the river, although the 
predictions showed more rapid rises and falls in salinity with time than in the measured salinity 
dynamics. The model was coupled to phytoplankton and oyster biomass in Chapter 8.  
9.2.2 Nutrients 
 Nutrient levels were generally extremely low in both sampling estuaries limiting primary 
production in these systems. Annual average Chl-a levels were 1.38±0.14 and 1.44±0.19 µgl-1 in 
the Clyde and Shoalhaven, respectively. These values are lower than the annual average 2µgl-1 
suggested by Saxby (2002) as an optimum level required for cultivating bivalves in Western 
Australia and they also fall in the low indicator level (0-3µgl-1) of the Tasmanian estuarine 
health indices suggested by Murphy et al., (2003). Chl-a varied significantly between sites and 
seasons, making it hard to explain differences in oyster growth. Chl-a has been widely used as a 
proxy for phytoplankton levels, however, it has been shown that chl-a may only be 
representative of a small number of phytoplankton groups. 
While some mean nutrient concentrations levels were similar in both estuaries, dissolved 
inorganic phosphorus, total nitrogen and phosphorus were normally higher in the Shoalhaven 
than in the Clyde River. In particular, FRP-P concentrations were significantly higher in the 
upstream locations of the Shoalhaven than in the Clyde probably due to run-off from the dairy 
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farms in the developed midstream catchment of the Shoalhaven estuary. These increased 
nutrient levels could also have contributed to the increased SRO growth rates measured in the 
Shoalhaven (Chapter 6, section 6.1.4.2). 
Within an estuary, mean nutrient concentrations did not vary substantially across sampling 
sites but there were noticeable changes between seasons. In the Clyde River different dissolved 
nutrients reached their highest concentrations during different seasons. In the Clyde River, NOx 
levels were highest during winter, FRP-P and NH4+ during autumn and silica during summer. In 
the Shoalhaven, there was more consistency. Nutrient concentrations there were generally 
higher in winter, becoming depleted through the warm months and reaching lowest levels in 
summer. This seasonal nutrient dynamics results in variable nutrient availability that ultimately 
leads to variable food resources for oysters. This variation on the nutrient concentration and 
therefore on the food resources was shown here to be related to rainfall patterns. 
Some differences in several nutrients between sites were demonstrated in the Clyde. 
Downstream more oceanic sites had much higher FRP-P mean concentrations than in the 
upstream locations. It has been suggested here that this may be due to resuspension of sediments 
at the oceanic sites while upstream locations had substantially higher mean NOx and DSi 
concentrations. The latter perhaps reflecting the upstream catchment sources of these nutrients. 
It is notable that oyster growth rates in the Clyde were highest at the oceanic sites followed by 
the upstream site (Chapter 6, section 6.1.1).  
While nutrient levels were low in dry periods, large river discharges following significant 
rain events deliver terrestrial material to the estuary and dramatically decrease estuary flushing 
times. Both sampled estuaries behaved similarly following rain events. A consistent post-rain 
pattern was found where levels of NOx, TN, TDN, TP, TOC, POC & DOC and TSM increased 
dramatically during high discharges. Peaks in TDP and FRP-P followed some days after the 
peak discharge and peaks in Chl-a and DSi followed two weeks later. 
Approximately one day after a rain event, suspended matter concentrations also increased 
dramatically as a result of sediment run-off. A strong relationship was found between discharge, 
NOx and Chl-a. Increased NOx levels, within 2 days after the peak water flow, resulted in high 
levels of Chl-a at a lag of approximately two weeks (section 5.4.4). The increased NOx was 
shown to decay exponentially with an e-folding time scale of approximately 11 days at upstream 
sites. Slightly faster NOx decay was found at the downstream locations, consistent with 
increased tidal mixing. It is clear that it is not just estuarine flushing that is affecting the NOx 
levels, but that phytoplankton uptake must also be playing a major role. Predictions from the 
coupled NPO model developed in Chapter 8 indicate that NOx is controlled largely by 
phytoplankton uptake. In general, Chl-a took on average 20 days to drop back down to 
background levels after a bloom. 
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Variations in the concentrations of specific forms of some elements such as nitrogen (N), 
phosphorus (P) and silica (Si) affect impacts on algal growth (Harris, 1986). During the dry 
periods, the N:P ratios were lower than 16:1 (Redfield, 1958) needed for optimal algal growth, 
indicating nitrogen limitation (Chapter 5). These ratios increased with rainfall. Based on the 
observed decay time scales and the estuarine flushing times (section 5.2.3), best conditions for 
oyster growth occur when small (approximately 20mm) rain events occur every three weeks. 
Although growers cannot influence this, it indicates the most desirable conditions. 
9.2.3 Suspended matter 
Total suspended matter in the estuaries also increased after rain events but its organic 
matter content decreased due to increased inorganic terrestrial sediments.  Suspended matter 
levels in the Shoalhaven were on average 30% higher than in the Clyde River and the mean 
POM was also 14% higher in the Shoalhaven. However, the proportion of organic content in the 
Clyde was 24% compared with 18% of the TSM for the Shoalhaven perhaps reflecting the 
catchment development in the latter catchment.  
In the Shoalhaven, the more oceanic downstream sites had higher concentrations of TSM, 
POM and FRP-P than upstream sites. Oyster growth rates at these sites were also higher than 
those at upstream sites (Chapter 6). This can be contrasted with the results from Mogo Creek, 
Clyde-5. TSM and POM at this site were close to those at oceanic downstream sites, but FRP-P 
was very low there. This site had the highest density of cultivated oysters and lowest oyster 
growth rates. 
Both estuaries had predominately mud sediments, especially beneath the oyster leases. 
This sediment resuspends easily increasing the levels of TSM in the water column. High levels 
of TSM may have a negative effect on the filtration rate of oysters, especially at levels sufficient 
to clog the gills of the oysters. However, TSM may also represent the resuspension of organic 
benthic material, which was shown here to represent a potential food source for SRO (Chapter 
7). Because of this, the organic content of the TSM has been identified throughout this thesis as 
one of the important parameters influencing oyster growth (Chapter 8).  
9.3 Variability of oyster growth, condition and survival 
Oyster growers have long recognised that oysters in different locations within an estuary 
grow and increase condition at different rates. The physico-chemical and water quality 
measurements in Chapter 5 showed significant differences in some of these parameters both 
between estuaries and within an estuary. A question that arises from this is — are these 
differences reflected in oyster growth and flesh condition. A second objective of this work was 
to assess the spatial and temporal variability of oyster growth rates, condition and mortality 
rates in the study estuaries. Oyster condition is important for the marketability of oysters. 
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Mortality rates were also needed to assess the overall production efficiency of an estuary or 
growing locations within an estuary. This objective was addressed in Chapter 6. 
9.3.1 Growth rates 
The average growth rate of SRO measured in the Shoalhaven were 1.4g/month as opposed 
to 1.1g/month in the Clyde. The water quality and seston measurements in Chapter 5 showed 
that mean concentrations of TSM, POM, dissolved inorganic phosphorus, total nitrogen and 
phosphorus, particularly FRP-P, were higher in the Shoalhaven than in the Clyde River. The 
impact of these on oyster growth are discussed further below. It is noted here that growth rates 
for all of the four oyster size-classes were larger in the Shoalhaven than in the Clyde River 
(Chapter 6). Condition index at both estuaries, however, was similar except over winter when 
oysters from the Shoalhaven maintained better condition. Condition index in both estuaries 
varied seasonally as expected, with levels increasing as water temperature and food levels 
increased.  
Oysters in the Clyde grew throughout spring, summer and autumn but not during winter, 
when water temperatures dropped below 13ºC. This produced distinct seasonal growth patterns. 
The growth of shell and tissue appears uncoupled during certain seasons. At the end of summer 
and during autumn oysters appeared to divert more energy towards shell formation, probably as 
a consequence of gamete loss. SRO grown in intertidal trays in the two studied estuaries 
diverted energy towards mass and shell formation during only the first year to two years of 
development. They substantially reduced the input into shell thickness after this period. This 
observation, however, may be dependent on cultivation method.  
Significant differences in growth were found across the sampling sites in the Clyde River, 
with highest growth rates in the downstream locations used by growers as a harvest ground. 
There was also a significantly bigger proportion of large oysters in the downstream locations 
compared to the mid- or upstream locations. One reason for this is that the downstream oysters 
are feeding on different food sources than upstream oysters.  
The second best site varied between the first and second year of monitoring and was a 
result of the rainfall distribution. The first year of the study was drier than the second. As a 
result, oysters at the furthest upstream location grew better during the first year than the second 
year. Salinity at this location during the second wetter year was lower and fell to 6ppt in July 
2005, when the largest rain event in the 3.5 years of the study took place. Salinities remained 
lower than 15ppt for almost 1.5 months after a following second smaller rain event. These low 
salinities limit oyster growth.  
The lowest growth rates in the Clyde were measured in Mogo Creek, probably as a 
consequence of the high levels of turbidity and the much higher oyster stocking densities there. 
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This cultivating ground has been used mainly as the nursery site. As a result of the 
measurements in this work, Clyde growers have now moved most of their stock out of this 
creek, especially from leases situated further upstream in the creek.  
9.3.2 The von Bertalanffy growth model  
Mean growth rates can be misleading since they depend on oyster size/age and 
environmental parameters, such as water temperature and food levels (Toro et al., 1999). A 
simple way to parameterise SRO growth using a von Bertalanffy growth model (equations [4.4] 
and [4.5]) was proposed, based on weight and shell length data. There was good agreement 
between the measured data and the model for the total weight measurements. The model 
predicted higher growth rates for the Shoalhaven oysters, consistent with field measurements 
and was used to estimate the times required to reach Plate size (~50g), which were 4.2 and 3.6 
years for SRO in the Clyde and Shoalhaven River, respectively. These estimates are quite 
realistic for wild-caught oysters.  
Some SRO growers have now switched to hatchery produced fast- growth selected oyster 
spat which reach market size quicker. There is a need to re-calculate the von Bertalanffy growth 
model using growth rates from these selected oysters in order for this model to be useful to 
growers as a management tool.  
One objection to the use of the von Bertalanffy growth model is that it only models overall 
growth. Large seasonal growth rate changes found for the SRO cannot be described by an 
average growth rate and final asymptotic value and modifications have been attempted (Mason 
et al., 1998). One way this can be incorporated is to modify the growth parameter κ term. 
[ ]( )( )( )[ ] 300 )6cos1exp1( ttttWwt −−+−−= ∞ πακ   or    [9.1] 
[ ] 3)exp1( βκ−−= ∞Wwt        [9.2] 
with  β in [4] given by: 
 ( ){ }[ ]( )00 6cos1 tttt −−+= παβ                   [9.3] 
and α is a parameter which determines the seasonal deviations away from mean growth 
behaviour. Preliminary estimations suggest that the only additional parameter, α , has a fairly 
restricted range, from 0 (no temperature dependence) to about 0.05 (negative growth rates in 
winter after 3.5 years). The value of t0 is arranged to give maximum growth rates in January and 
minimum in July.  For this modified model the instantaneous growth rate is 
( )[ ] { } { }[ ]( )6)(sin)6()(6)(cos1exp1]exp[3 0002 πππακβκβκ ttttttWdtdwt −−−−+−−−= ∞
            [9.4] 
  
A. Rubio Chapter 9 Page 272 
The seasonal dependence introduced here is just a perturbation on the Von Bertalanffy 
growth model. It is therefore suggested that the overall growth parameters, κandW∞ can be 
fitted in the usual way from the Ford-Walford plot (equation [4.6]). The value of α (and t0) is 
then found by adjustment to seasonal variation. It is suggested that future research could test the 
applicability of this modified model. 
 
9.3.3  Production index. 
A national network has been established in France to monitor the biomass performance 
index (PI) for different regions and cultivating grounds (Fleury et al., 2001). It has been 
proposed in section 6.3 that PI should be measured for all SRO production estuaries in NSW 
and for locations within estuaries to assess and compare production, provided similar size-class 
oysters are used. Unlike the von Bertalanffy growth model, the PI combines information on both 
growth and mortality. The PI values here were calculated for each of the four oyster size-classes 
that corresponded to each of the years of the SRO production life cycle in both the studied 
estuaries. Over one year the PI is the Shoalhaven was between 31% (for size-class 1 oysters 
with high survival rates) to 6% (size-class 2 and 3) greater than that in the Clyde. The PI for the 
whole French national network is 2 for 30g-oysters  (Fleury et al., 2001). In the Clyde and 
Shoalhaven Rivers similar size oysters had PIs of 1.33 and 1.41 respectively (Table 6-13). The 
higher French value may reflect the lower mortality and faster growth rates of Pacific Oysters. 
Monitoring PI over time at a particular location provides valuable management 
information. This index, in conjunction with other environmental indices proposed in this thesis 
(Section 8.3) can help estuary managers and oyster growers monitor and compare production. 
9.3.4 Oyster mortality 
No significant differences were found in mortality between the Shoalhaven and the Clyde 
estuaries or between size-classes. SRO mortality levels, however, varied between stick and 
single seed oysters, between locations within an estuary and between years. The most oceanic 
site had relatively high mortalities, consistent with the preferred more saline location for winter 
mortality Bonamia roughleyi. Across all locations, the average monthly mortality was 
1.2±1.4%. Winter seasons had the lowest monthly percentage of mortality (0.7±0.3%) while 
spring had the highest mortality (2.0±0.5%) as found for the flat oyster Ostrea angasi in 
Tasmania (Mitchell et al., 2000).  
Natural mortality has been previously estimated to be 10-20% all SRO over the usual 
growing periods of 3 to 4 years (Nell et al., 1996; Hand et al., 2004). Here, the percentage 
mortality estimated for the Clyde and Shoalhaven Rivers after 4 years of production was 
estimated to be 32%. For the two years of the growth experiment, mortality in both estuaries 
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was as high as 70%. These mortalities represent major losses to oyster farmers and warrant 
investigation in a range of estuaries. 
9.3.5 Oyster stocking densities 
One hypothesis to explain the decline in oyster production since the 1970s (Figure 1-2) is 
that the production carrying capacity has been exceeded in some estuaries. Anecdotal evidence 
from oyster farmers suggests that poorer growth characteristics of oysters in estuaries such as 
the Clyde may be due to differences in oyster stocking density.  
Three levels of stocking densities were chosen here. The highest used in the study was 
similar to those employed by growers in the study estuaries. No significant differences in 
growth at different stocking densities for tray and floating cylinder cultivations were found and 
biomass production was higher for higher stocking densities. However density had a significant 
effect on the survival and condition index of oysters. Oysters had higher survival rates and 
better condition indices at lower stocking densities as observed in other NSW estuaries 
(Holliday et al., 1993; Troup et al., 2005).  
9.4 Oyster food sources 
Analysis of water quality suggested some differences in seston and some nutrients between 
the Shoalhaven and the Clyde and between upstream and downstream cultivating grounds in the 
Clyde (Chapter 5). Oyster growth performance between estuaries and within these sites in the 
Clyde also shows significant differences. One hypothesis is that the differences in both water 
quality and oyster growth are due to differences in food sources. This was examined in Chapter 
7 using stable isotopes of carbon and nitrogen as well as C and N contents at three sites in the 
Clyde. Another objective of this thesis was to identify the sources of food that support oyster 
production and to understand the trophic interactions in the aquaculture oyster system.  
The SRO diet was found to be a mixture of suspended organic and bottom sediment 
matter, mangrove detrital matter and benthic diatoms. In the downstream location part of the 
food intake may also have been derived from brown macroalgae. This food source cannot be a 
major diet component as this macroalgae is present in the estuary only briefly every year. The 
carbon isotopic signatures for seagrasses and their epiphytes and green macroalgae indicate that 
these sources were not a significant part of the SRO diet at these sites. This is at odds with the 
findings of van der Eden (1994) #822}, who suggested that Pacific oysters selectively feed on 
higher plant detritus, particularly seagrasses (Zostera sp)., Van der Eden’s study (1994), also 
suggested that benthic diatoms were part of the Pacific oyster diet. The role of benthic diatoms 
in aquatic systems has been increasingly recognised over the last 5 years (Newell et al., 2002; 
Webster et al., 2002; Tobias et al., 2003; Meleder et al., 2005). This appears mainly through 
short-term pluses of microphytobenthos resuspension due to wind-driven currents (De Jonge, 
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1992), which are prevalent in soft-bottomed shallow estuarine tidal flats, where tidal variability 
of chlorophyll concentration can exceed the seasonal range. This mechanism may contribute to 
spatial variation in estuaries and along the coast (Rouillon et al., 2005). 
The isotopic study not only identified the food sources involved in the SRO diet but also 
revealed the relative carbon and nitrogen contribution that these sources made to the predicted 
diet. To make this assessment a concentration-weighted mixing model (Phillips and Koch, 
2002) was applied to each of the three sampling sites and was run for winter and summer 
conditions. Because of the large uncertainty in the value of the fractionation offset between food 
source and the oyster, a Monte Carlo sensitivity analysis was undertaken (Chapter 7). In it 
different randomly-selected values for the fractionation offset within the published ranges 
(McCutchan et al., 2003) were used instead of the single ‘classical’ value. This model identified 
that benthic diatoms played an important role in the diet of the SRO at all sites constituting on 
average 84±2% of the presumed diet. These findings support the suggestions of other studies 
(Dame et al., 2001; Ruesink et al., 2005) that oysters play an important role in coupling the 
benthic and pelagic systems and it is the first time that this link has been reported for the SRO.  
Some seasonal variations could not be accounted for by the model unless different food 
sources were incorporated. There were no major differences between winter and summer diets 
at the mid- and upstream sites. During winter, at the downstream near-oceanic site, oysters fed 
mainly on suspended matter that was primarily detrital material. Despite the low activity of 
oysters during winter, it appears that these oysters might be getting food from components 
within the detritus, such as bacteria associated with the suspended matter. Further studies should 
concentrate on the role that the benthic community plays in the processes of nutrient and food 
recycling.  
Different organs of the SRO showed different isotopic signatures as a consequence of 
tissue fractionation. As these organs have different turnover times, measurements based on 
different organs will be useful for studying dietary processes changes of different timescales. 
For example, muscle has a slower turnover rate than gonad or gills and is therefore more useful 
for investigating longer-term trends in food supply rather than short extreme events such as 
those following major rainfalls. The signatures of the SRO organs also varied along the estuary 
and through time, following large rain events. An isotopic signature snapshot of a consumer can 
result in a biased representation of the time-averaged signature.  
9.5 Coupled Model of oyster growth 
A large amount of data on the temporal and spatial dependence of the physico-chemistry, 
water quality, nutrition, food sources, oyster growth, condition and survival has been collected 
in this thesis. One of the challenges is to attempt to integrate these in order to predict the 
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consequence of different management decisions or to assess the suitability of locations for 
oyster cultivation. A final set of objectives was to develop a simple ecological-trophic coupled 
model of oyster growth and productivity and to assess a set of environmental indices that could 
be used to assess the sustainability of an estuarine intertidal oyster culture (section 1.6). This is 
addressed in Chapter 8.  
The coupled dynamic growth NPO model proposed in Chapter 8 integrates nutrient loads, 
primary production, oyster grazing and a simple model of estuarine dynamics. The model was 
set up to capture the dynamics of the Clyde estuary (Chapter 5), to represent phytoplankton 
response to nutrient inputs from the upstream catchment and to link phytoplankton blooms to 
oyster growth through three simply-parameterised coupled equations. Validation of the model 
by comparing observed and modelled salinities generally showed reasonable agreement. 
Predictions from the model demonstrated that oyster growth cannot be explained solely by 
the uptake of phytoplankton. This is consistent with the isotope analysis which demonstrated 
that other food sources are important. In addition, primary production in the study estuaries is 
not completely controlled by filter feeders but by the low levels of nutrients and estuarine 
flushing. The model showed that primary production is affected to a small extent by oyster 
uptake. This suggests that the ecological carrying capacity may be exceeded but not the 
production carrying capacity. 
By forcing the model with the observed carbon concentration present in the suspended 
matter, which represents an additional food source for the oysters, it was shown that the oysters 
have sufficient food to grow at realistic rates. This again emphasizes the importance of these 
other food sources possibly generated from resuspension of bottom sediments. More accurate 
representations of the filtration rates that take into account the effect of temperature, salinity and 
suspended matter, predicted more realistic oyster growth rates though they did not predict the 
same spatial pattern as the observations. 
9.6 Environmental indices 
A more useful metric for assessing the current state and potential use of the estuary are the 
environmental indices described in Chapter 8. These indices compare properties related to 
primary production, oyster clearance and estuarine flushing and need to be considered together 
in order to assess the sustainability of the oyster culture. Like the NPO model, the 
environmental indices for the Clyde indicate that while the ecological carrying capacity was 
generally exceeded, the production carrying capacity, which is more pertinent to growers and 
estuary managers, was not exceeded. An exception to this was Mogo Creek, where oyster 
densities were extremely high and the Eis indicated that production carrying capacity was 
exceeded. This is consistent with growth measurements in this work. 
  
A. Rubio Chapter 9 Page 276 
An extremely important point to note regarding these indices is that they correspond to 
gross features of the estuary or an estuarine region. Strong local depletion may occur in the 
vicinity of oyster leases that can lead to the local carrying capacity being exceeded. This factor 
was not considered in the environmental indices examined here but a simple method for 
incorporating such a scale factor into the other environmental indices was proposed (Chapter 8). 
In Mogo Creek, the oyster density used is a much better representation of regional stocking 
density than in the other areas considered, where oyster leases are constrained to a small area at 
the side of the estuary.  
9.7 Environmental constraints on production 
As indicated in section 9.1 this study set out to examine if the general decline of SRO 
production in NSW is a result of environmental parameters limiting oyster growth by studying 
two oyster producing estuaries. This question has been examined at large and small scales. At 
the estuary scale, measurements of chlorophyll-a in both study estuaries showed annual mean 
values that are at the low end of the range of those recommended for aquaculture in Australian 
estuaries. In addition, TSM and POM levels in the Clyde during winter and low winter 
temperatures suggest physiological limits to growth in this estuary. This was confirmed in the 
oyster growth measurements in Chapter 6 which demonstrated that oyster growth ceases in 
winter in the Clyde but not the Shoalhaven, where oyster growth rates are continuously positive 
and significantly greater than in the Clyde.  
At the large scale both the coupled NPO model and the environmental indices (in Chapter 
8) suggest that while the density of cultivated oysters in the Clyde has an impact on the system, 
it does not significantly lower primary production. As a result the production carrying capacity 
of the Clyde River in general has not been exceeded. At the intermediate scale of local growing 
regions within an estuary the environmental indices showed that Mogo Creek had exceeded its 
production carrying capacity. There is insufficient high resolution information at the oyster 
lease scale to answer this question at this scale.  
Oyster density experiments provide a way of assessing the question of carrying capacity at 
the smaller lease scale. Oyster densities ranging from a 1/3 to ‘standard’ densities used by 
farmers did not significantly affect growth rates (Chapter 6). However they had a significant  
effect on the oyster condition index, which was significantly lower at the standard densities 
suggesting at these densities the production carrying capacity is reaching its limit. Condition 
index, an important market characteristic, may be a more sensitive indicator than growth or 
carrying capacity and has immediate economic implications.  
Finally, this work considered the environmental constraints at the small scale, the level of 
the oyster by using stable isotopes to examine the relation between oysters and the various 
sources of food. This demonstrated distinct differences in the food sources in areas where 
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oysters also grew faster. It also highlighted the importance of benthic sources of food in shallow 
mud estuaries.  
9.8 Recommendations 
Despite the maturity of the SRO aquaculture there are few recorded measures of the 
production performance of SRO farming estuaries. A first crude attempt (White, 2001) used the 
annual production per unit lease area to compare estuaries. This, however, does not take into 
account oysters that were relayed into a growing location or that portions of lease areas are were 
unused. It has been suggested here that the performance index PI, which combines both oyster 
growth and oyster survival, provides an easily measured index for comparing estuaries and 
growing locations and identifying temporal trends in production. It is currently used in France 
as the basis for a national network for monitoring industry performance. In addition, PI may 
provide information on the impact of inter-annual climate variations such as ENSO-related 
droughts on production. Although production data are collected annually, mortality data, and the 
fraction of lease area used for production are not. Mortality data on their own provides valuable 
insight into profitability, potential problems and to may suggest strategies for possible 
improvements. 
Environmental indices potentially represent an excellent method for easily classifying 
the sustainability of culture systems both in terms of ecological and production carrying 
capacities and comparing lease and estuary performance. While more work is required to collect 
the necessary data to estimate them, they are readily understood. Their use at the whole-estuary 
level would seem important for management agencies and particularly for the NSW Oyster 
Industry Sustainable Aquaculture Strategy. However, the issue of scale (discussion in Chapter 
8) must be incorporated to answer questions of carrying capacity. 
It has been shown here that condition index, which is readily measured by farmers, is 
more sensitive to stocking density than oyster growth rates. New culture techniques and farming 
systems have been introduced into NSW at an increased rate over the past decade. Farmers 
could compare the CI of equal aged oysters grown under a range of methods as a way to assess 
their efficacy. Such measurements would need to take into account the origin of the oyster 
groups as it might influence in the result their variation in the genetic stock. 
9.9 Future research: 
This work has raised a number of issues that require additional research. It is clear in the 
present study that measurements of mean Chl-a do not necessarily indicate which regions will 
produce faster growing oysters. In the two estuaries studied here, mean chl-a were 
approximately equal yet mean growth rates were higher in the Shoalhaven. This river however 
and the near oceanic sites in the Clyde with faster growing oysters had higher mean levels of 
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TSM, POM and FRP-P, The question arises whether these are better predictors of oyster growth 
rates. 
From this study and from a number of recent studies it is becoming increasingly apparent 
that sediment plays an important role in primary production by trapping and releasing nutrients, 
and by providing an additional food source to the oysters. Future research should concentrate on 
quantifying and understanding the processes that take place in the benthos and the links to the 
pelagic system. There is a need to quantify the benthic community inhabiting the surface of 
sediments (bacteria and benthic diatoms), in particular for mudflats. The role that the benthic 
community has in the overall estuarine nutrient recycling and how this affects the food available 
to the oysters should be a high priority in future field based studies. This could be studied 
through core flux incubations of the sediment underneath or surrounding oyster leases. The 
recycling of nitrogen from sediments back into the water column in the form of DIN, and direct 
denitrification by the sediment need to be better understood. Further insight could be gained 
through isotopic analysis to more accurately quantify the composition of the benthic community 
and by including additional isotopes such as 34S. 
 Somewhat surprisingly, stable isotope analysis of oysters and food sources here has 
identified the importance of benthic diatoms and surficial sediments as food sources for SRO in 
the Clyde River. The generality of this finding should be tested in other oyster growing 
estuaries. 
While the coupled NPO model and environmental indices discussed in Chapter 8 provided 
an understanding of large scales interactions between the culture system and the estuary, smaller 
scale effects may be of vital importance. As a result, future work should concentrate on 
processes occurring on the lease scale. Of particular interest is the scale over which food 
depletion occurs both within and surrounding the lease.  
 The modified von Bertalanffy growth model proposed in this thesis incorporates a simple 
seasonal dependence of growth. The applicability of this modification remains to be tested. 
Environmental indices potentially represent an excellent method for easily classifying the 
sustainability of culture systems. By further developing the coupled model to include the other 
food sources in a dynamic way and by calculating the ‘model environmental indices’, it would 
be possible to make a much better assessment of the value of these indices.  
This study was specific to the Clyde and Shoalhaven estuaries and carried out over an 
exceptionally dry period so that the generality of the findings is contestable. The approaches 
used here however are directly transferable to other estuaries. A question that should be 
addressed is where do the nutrients come from? Whether they mainly come from upstream areas 
as in this study, or from the ocean, in which case other dynamical processes such as upwelling 
would need to be considered.  
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9.10 Final Comments 
The Sydney rock oyster, SRO, is one of the few indigenous oysters still being farmed 
throughout the world. Over the past three decades, there has been a continual decline in both the 
production and general performance of the SRO in New South Wales, NSW, estuaries. One 
hypothesis is that this continued decrease is due to the a decline in environmental conditions due 
to coastal development. An alternate hypothesis arises from increased densities of farmed 
oysters This thesis presents a field examination of the relationships between oyster growth, 
environmental parameters and cultivation practices at two southern NSW estuaries. One the 
Clyde has an almost pristine upper catchment, the catchment of the other, the Shoalhaven, has 
significant agricultural, urban and industrial development. The study has been carried out at 
different scales: a large scale that compares the two different estuaries, an intermediate scale 
that compares growing areas within estuaries, and a small, lease scale that examines processes 
within individual or small groups of oysters. Measurements were made of physico-chemical and 
nutrient water quality, seston concentrations, oyster growth, condition index and mortality, and 
in stable isotope fractionation in oysters and their potential food sources over a 2.5 year period. 
Levels of inorganic nutrients and chlorophyll-a were in general very low, potentially limiting 
primary production. The limiting nutrient was nitrogen during dry periods or phosphorus in wet 
periods. Only during rain events were conditions favourable for fast rates of primary production. 
The Shoalhaven was, on average, 1°C warmer and had higher mean concentrations of TSM, 
POM, dissolved inorganic phosphorus, total nitrogen and phosphorus, particularly FRP-P than 
in the Clyde River. These differences reflect the greater agricultural development in the 
Shoalhaven. Clear seasonal trends were measured with suspended matter concentrations in the 
Clyde dropping to very low levels in winter in contrast to the Shoalhaven. Decreasing mean 
downstream gradients of nutrients and species followed trends expected for upstream catchment 
sources, except in the Clyde. There TSM and FRP-P gradients decreased upstream, suggesting 
an oceanic source not evident in the Shoalhaven. A simple one dimensional, advection-diffusion 
box model was developed for the Clyde to examine the interaction between river discharge and 
tidal mixing. Model predictions were in reasonable overall agreement with measurements. 
Increases in SRO growth were strongly correlated to increases in temperature with a low 
temperature cut-off at ~13°C. Growth also decreased when salinities lower than ~15ppt 
persisted for the order of a month. The average growth rate of SRO in the Shoalhaven was 
1.4g/month, some 27% larger than that in the Clyde. Condition index in both estuaries varied 
seasonally as expected, with condition increasing as water temperature and potentially food 
levels, increased. In both estuaries, condition index was similar except over winter when oysters 
from the Shoalhaven maintained better condition. Significant differences in growth were found 
across the sampling sites in the Clyde River, with highest growth rates in the downstream 
locations which also had a significantly bigger proportion of larger oysters compared to the mid- 
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or upstream locations. This is consistent with water quality and seston measurements and may 
suggest an additional food source near the mouth of the estuary. A von Bertalanffy growth 
model fitted the measured data for total weight measurements well. It predicted that SRO in the 
Shoalhaven would reach marketable Plate size (~50g) in 3.6 years compared with 4.2 years in 
the Clyde. An average relative growth model fitted to results in both estuaries fitted data well 
using only oyster weight and temperature. No significant improvement was found by using 
salinity or particulate organic matter instead of temperature. No significant differences were 
found in overall oyster mortality between the Shoalhaven and the Clyde estuaries or between 
size-classes. SRO mortality levels, however, varied between locations within an estuary and 
between years. The most oceanic site in the Clyde had relatively high mortalities, consistent 
with the preferred more saline location for winter mortality Bonamia roughleyi. Winter seasons 
had the lowest monthly percentage of mortality (0.7±0.3%) while spring had the highest 
mortality (2.0±0.5%). Overall mortalities for a four year production cycle were around 30%. 
The biomass performance index (PI) combines information on both growth and mortality. In the 
Shoalhaven Rivers, PIs were between 6% and 31% larger than in the Clyde dependent on oyster 
age. In the Clyde more oceanic sites tended to have a higher PI than upstream sites despite the 
downstream mortalities. Stocking density experiments used three stocking densities, the highest 
being close to those common in oyster farm in the region. No significant differences in growth 
at different stocking densities were found and biomass production was higher for higher 
stocking densities. However, stocking density had a significant effect on both the survival and 
condition index of oysters. Oysters had higher survival rates and significantly better condition 
indices at lower stocking densities. Carbon and nitrogen isotope analysis demonstrated that both 
external material and local resuspension of the benthos constitute a major proportion of the SRO 
diet. Benthic diatoms played an important role in the diet of the SRO at all sites constituting on 
average 84±2% of the presumed diet. The uptake of the various food sources also varied 
considerably depending on local environmental conditions. These processes were modelled in a 
coupled hydrodynamic-NPO (Nitrogen-Phytoplankton-Oyster) model of the Clyde River. This 
demonstrated that primary production was more affected by estuarine dynamics and nutrient 
concentrations than oyster uptake. At the current levels of oyster densities, primary production 
by itself could not account for the observed oyster growth, however growth became realistic 
when observed levels of POC were added to the model. A set of environmental indices was used 
to complement the model and to assess the sustainability of the culture system. The combined 
indices indicated that while the ecological carrying capacity of the Clyde was exceeded the 
production capacity at an estuarine scale was not except at one location. Recommendations on 
management and further research are provided. 
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Appendix I: Summary of Precision Criteria for 
Environmental Nutrient Parameters  
Definitions: 
Method Detection Limit (MDL) 
The method detection limit is three times the standard deviation obtained from a minimum 
of five replicate analyses of a sample whose concentration is approximately three times the 
MRL. 
Method Reporting Limits (MRL) 
The method reporting limit is ten times the standard deviation obtained from a minimum of 
five replicate analyses of a sample whose concentration is approximately three times the MRL). 
Uncertainty 
Expanded uncertainty is calculated on data obtained from the results of analysis of In-
House Reference Materials (IHRM). These IHRM are prepared at varying concentrations across 
the analysis range, and in different matrices representative of natural sample types. The IHRM 
are analysed with each and every analytical run. The data is obtained over an extended period 
of many months, so are representative of the entire range of variability present in the analyses 
(from preparation of calibration standards to analysis). The method of calculation has been 
endorsed by NATA. 
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Table I-1 Nutrient Laboratory Limitations 
Parameter MDL (mg/L) 
MRL 
(mg/L) Matrix 
Nominal 
Concentration
(mg/L) 
Uncertainty 
(mg/L) 
0.010 ± 0.001 
0.070 ± 0.0015 Freshwater 
0.80 ± 0.01 
≈ 0.001 ± 0.001 
Ammonia (NH3-N) 0.0004 0.002 
Natural Saline 
Water ≈ 0.070 ± 0.02 
0.010 ± 0.001 
0.070 ± 0.0015 Freshwater 
0.80 ± 0.01 
≈ 0.001 ± 0.001 
Filterable Reactive 
Phosphorus (FRP-P) 0.0003 0.002 Natural Saline 
Water ≈ 0.070 ± 0.003 
0.010 ± 0.0005 
0.070 ± 0.0015 Freshwater 
0.80 ± 0.015 
≈ 0.001 ± 0.001 
Nitrogen Oxides (NOx-N) 0.0005 0.002 
Natural Saline 
Water ≈ 0.070 ± 0.002 
Freshwater 4.1 ± 0.06 
0.11 ± 0.01 Molybdate Reactive Silca (Si) 0.0004 0.002 Natural Saline Water 0.81 ± 0.03 
0.10 ± 0.002 
0.40 ± 0.01 Freshwater 
0.80 ± 0.01 
≈ 0.005 ± 0.002 
Total Phosphorus (TP) and 
Total Dissolved Phosphorus 
(TDP) 
0.0009 0.003 
Natural Saline 
Water ≈ 0.40 ± 0.01 
0.10 ± 0.006 
0.40 ± 0.015 Freshwater 
0.80 ± 0.01 
≈ 0.005 ± 0.0035 
Total Phosphorus (TKP) 
(by Kjeldahl-type 
digestion) 
0.0012 0.004 
Natural Saline 
Water ≈ 0.40 ± 0.005 
0.50 ± 0.01 
1.5 ± 0.05 Freshwater 
3.0 ± 0.15 
≈ 0.10 ± 0.005 
Total Nitrogen (TN) and 
Total Dissolved Nitrogen 
(TDN) 
0.005 0.02 
Natural Saline 
Water ≈ 1.6 ± 0.05 
0.50 ± 0.03 
1.5 ± 0.1 Freshwater 
3.0 ± 0.1 
≈ 0.10 ± 0.02 
Total Kjeldahl Nitrogen 
(TKN) 0.013 0.05 Natural Saline 
Water ≈ 1.6 ± 0.1 
2.0 ± 0.2 Total Organic Carbon 
(as NPOC) 0.3 1.0 Freshwater 20.0 ± 0.6 
 
  
A. Rubio Appendix  Page III 
Appendix II: Environmental parameter plots 
Figure II-1: Time series plots for sampled physical parameters (Temp (ºC), Sal (ppt), 
Dissolved Oxygen (% saturation), pH) in the Clyde River for the period 
January-2004 to January-2006 
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Figure II-2: Time series plots for sampled environmental parameters (NOx (µg N l-1), 
FRP-P (µg P l-1), NH4+ (µg N l-1), Silica (µg Si l-1), TOC (µg C l-1), POC (µg C l-
1)) in the Clyde River for the period July-2004 to January-2006, except for 
TOC & POC which cover period March-2004 to January-2006 
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Figure II-3: Time series plots for sampled environmental parameters (Chl-a (µg l-1), Phaeo 
(µg l-1), TSM (mg l-1-), POM (mg l-1-), TN (µg N l-1), TDN (µg N l-1), TP (µg  P  
l-1 ), & TDP (µg P l-1 ) in the Clyde River for the period July-2004 to January-
2006 
 
  
VI
Table II-1: Mean ± S.E. for water parameter concentrations collected from 8 locations in the Clyde River for the period July 2004 to January 2006 (showing 
significant differences between locations) 
Location TEMP (ºC) N SAL (ppt) N pH N Diss Oxyg (%sat) N TSM (mg l-1) N POM (mg l-1) N 
Clyde-1 17.99 ± 0.69 (26) 30.97 ± 0.84  (33) 8.16 ± 0.1 (24) 109.45 ± 5.76 (22) 11.71 ± 1.46 (24) 1.93 ± 0.23 (24)
Clyde-2 18.38 ± 0.72 (31) 30.5 ± 0.76  (43) 8.13 ± 0.07 (30) 107.28 ± 4.49 (27) 13.25 ± 1.41 (30) 2.27 ± 0.23 (32)
Clyde-3 17.87 ± 0.91 (20) 29.07 ± 1.05 (36) 8.12 ± 0.1 (19) 105.89 ± 4.65 (18) 10.89 ± 1.24 (30) 2.07 ± 0.16 (28)
Clyde-4 18.89 ± 0.9 (25) 27.97 ± 1.03 (38) 8 ± 0.1 (23) 102.64 ± 4.81 (21) 8.07 ± 1.37 (15) 1.89 ± 0.22 (14)
Clyde-5 17.72 ± 0.85 (28) 27.28 ± 1 (42) 7.96 ± 0.07 (29) 100.85 ± 5.01 (26) 12.85 ± 1.22  (33) 2.34 ± 0.24 (33)
Clyde-6 18.18 ± 0.83 (33) 26.89 ± 0.89 (45) 7.98 ± 0.08 (33) 102.88 ± 4.26 (31) 9.23 ± 0.98 (33) 1.81 ± 0.2 (32)
Clyde-7 18.05 ± 0.96 (28) 24.37 ± 1.19  (34) 7.91 ± 0.08 (27) 98.37 ± 5.33 (26) 6.19 ± 1  (16) 1.68 ± 0.23 (15)
Clyde-8 19.55 ± 0.95 (25) 22.4 ± 1.1  (33) 7.77 ± 0.08 (27) 89.76 ± 4.45 (26) 8.38 ± 0.87 (34) 1.8 ± 0.15 (33)
 NOx (mg N l-1) N NH4+ (mg N l-1) N TN (mg N l-1) N TDN (mg N l-1) N Chl-a (µg l-1) N Phaeo (µg l-1) N 
Clyde-1 0.027 ± 0.011 (19) 0.012 ± 0.003 (18) 0.0086 ± 0.001 (17) 0.0046 ± 0.0007 (16) 1.34 ± 0.15 (25) 0.48 ± 0.08 (23)
Clyde-2 0.029 ± 0.008 (29) 0.016 ± 0.004 (29) 0.0082 ± 0.0007 (26) 0.0053 ± 0.0006 (20) 1.26 ± 0.13 (34) 0.43 ± 0.07 (30)
Clyde-3 0.035 ± 0.009 (28) 0.016 ± 0.003 (27) 0.0103 ± 0.001 (24) 0.0056 ± 0.0006 (18) 1.28 ± 0.19 (30) 0.54 ± 0.08 (27)
Clyde-4 0.003 ± 0.002 (5) 0.003 ± 0.002 (5) 0.0047 ± 0.0009 (3)   1.57 ± 0.21 (16) 0.62 ± 0.1 (15)
Clyde-5 0.034 ± 0.01 (28) 0.02 ± 0.005 (28) 0.011 ± 0.0012 (26) 0.0058 ± 0.0006 (21) 1.19 ± 0.12 (35) 0.57 ± 0.08 (31)
Clyde-6 0.044 ± 0.011 (29) 0.016 ± 0.002  (29) 0.0079 ± 0.0009 (25) 0.0053 ± 0.0006 (19) 1.43 ± 0.2 (34) 0.44 ± 0.07 (31)
Clyde-7 0.001 ± 0   (4) 0.003 ± 0.001  (4) 0.006 ± 0 (2)   1.92 ± 0.34 (17) 0.48 ± 0.09 (14)
Clyde-8 0.05 ± 0.012  (31) 0.015 ± 0.003  (31) 0.0081 ± 0.0008 (27) 0.0049 ± 0.0005 (22) 1.52 ± 0.17 (34) 0.39 ± 0.06 (29)
 FRP-P (mg P l-1) N TP (mg P l-1) N TDP (mg P l-1) N DSi (mg Si l-1) N TOC (mg C l-1) N POC (mgC l-1) N 
Clyde-1 0.0033 ± 0.0004  (19) 0.25 ± 0.03 (17) 0.19 ± 0.02 (16) 0.46 ± 0.08  (19) 2.58 ± 0.24 (18) 0.57 ± 0.1 (20)
Clyde-2 0.0027 ± 0.0004  (29) 0.26 ± 0.02 (26) 0.2 ± 0.02 (20) 0.53 ± 0.06  (29) 2.86 ± 0.27 (27) 0.36 ± 0.1 (29)
Clyde-3 0.0028 ± 0.0004  (27) 0.26 ± 0.02 (24) 0.21 ± 0.02 (18) 0.57 ± 0.07  (27) 3.43 ± 0.44 (25) 0.55 ± 0.19 (26)
Clyde-4 0.0013 ± 0.0003  (4) 0.3 ± 0.05 (3)   0.21 ± 0.05  (4) 1.76 ± 0.11  (5) 0.25 ± 0.11 (6)
Clyde-5 0.002 ± 0.0002 (30) 0.31 ± 0.02 (26) 0.26 ± 0.02 (21) 0.65 ± 0.06  (30) 3.71 ± 0.37 (28) 0.47 ± 0.09 (29)
Clyde-6 0.0018 ± 0.0002 (29) 0.29 ± 0.02 (25) 0.24 ± 0.03 (19) 0.75 ± 0.08  (29) 3.39 ± 0.34 (27) 0.64 ± 0.14 (28)
Clyde-7 0.001 ± 0 (4) 0.25 ± 0.06 (2)   0.35 ± 0.11 (4) 2.16 ± 0.14 (5) 0.42 ± 0.17 (5)
Clyde-8 0.0013 ± 0.0001  (31) 0.28 ± 0.02 (27) 0.22 ± 0.02 (22) 0.84 ± 0.07  (31) 3.63 ± 0.26  (28) 0.81 ± 0.16 (28)
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Figure II-4: Surface contour plots of chemical water data (TN (mg N l-1), TDN (mg N l-1), 
TP (mg P l-1), TDP (mg P l-1), POC (mgC l-1), DOC (mgC l-1) for 8 locations 
(Clyde-1 (oceanic)- Clyde-8 (upstream)) in the Clyde River over the period 
March-2004 to January-2006 
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Figure II-5: Additional time series of water quality variables in the Shoalhaven River 
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Appendix III: Stable isotope results 
Table III-1: Mean ± SE of the weight, shell morphometric and flesh condition index of the 
oysters used for the isotope sampling (N=4 per sampling time) 
  winter 1 winter 2 summer 1 summer 2 
   
Weight SITE 1 44.8 ± 1.5 50.1 ± 3 51 ± 5.5 57.9 ± 4.4 
 SITE 2 41.3 ± 5.3 33.6 ± 2 38.8 ± 1.9 44 ± 3.1 
 SITE 3 45.4 ± 2.8 37.6 ± 1.7 43.7 ± 3.3 47.2 ± 1.3 
      
Length SITE 1 69.3 ± 1.1 67.6 ± 1.6 66.8 ± 2.1 66.4 ± 2.4 
 SITE 2 65.9 ± 3.7 60.9 ± 1.5 56.5 ± 2.9 63.1 ± 3.3 
 SITE 3 69 ± 2.3 61 ± 2.7 64.9 ± 1.9 68.3 ± 2.1 
      
Width SITE 1 53.8 ± 2.7 52.6 ± 1.8 52.4 ± 4 56.7 ± 2.2 
 SITE 2 47.9 ± 3.7 49.4 ± 2.1 50.1 ± 1.6 47.8 ± 1.8 
 SITE 3 53.5 ± 2.7 42.8 ± 2 49.3 ± 1.4 52.8 ± 2.6 
      
Thickness SITE 1 24.1 ± 0.9 23.7 ± 1.2 23.8 ± 1.3 27.6 ± 1.7 
 SITE 2 22.8 ± 0.7 20.4 ± 1.2 22.2 ± 1 23.1 ± 0.8 
 SITE 3 22.8 ± 1 23.7 ± 0.3 23.7 ± 0.6 23.4 ± 0.8 
      
Cond. Index SITE 1 172.1 ± 5.8 182.6 ± 10.2 174.3 ± 28.7 204 ± 8.9 
 SITE 2 168.7 ± 17.8 181.6 ± 8.4 183.7 ± 13.9 198.8 ± 3 
 SITE 3 150.5 ± 9.6 179.7 ± 2.4 202.1 ± 6.9 182.5 ± 5.4 
 
 
Figure III-1: Growth history of oysters used for the isotope analysis. Each subplot 
corresponds to a different sampling date (Winter 1: 1/8/05; Winter 2: 27/9/05; 
Summer 1: 10/1/06; Summer 2: 23/1/06). Thick lines represent the average 
weight for Site-1 (continuous); Site-2 (dots) and Site-3 (dot-line) 
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Figure III-2: Comparisons of mean (±SE, n=12) carbon and nitrogen isotope values for 
oyster muscle, gill and gonad sampled from three sites on the Clyde R. over 
two seasons: winter and summer. 
Note: This plot includes results from winter2, which were taken out in Figure 6-3 for 
clarity 
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Figure III-3: δ13C-δ15N plot of the SRO tissues, calculated whole-body and its potential 
food sources for the three sampling sites.  
Note: Symbols indicate the average value two season (winter and summer) and bars 
indicate S.E.  
  
A. Rubio Appendix Page XII 
Table III-2: Concentration-weighted mixing model output for the fractions (fi) of food 
sources that may contribute to the presumed SRO diets at three sampling sites 
in the Clyde River independently of seasons. Only three food sources may be 
considered for each model run. 
 
 POM SOM Diatoms Mangroves Brown alg. 
 oceanic creek upstream  
Site1 0.88    0.12 0.00  
 0.36  0.02  0.12   
 0.12    0.69  0.02 
Site2  0.02   0.88 0.02  
  0.02   0.93 0.02  
 0.02  0.02  0.74   
Site3   0.02  0.88 0.02  
    0.93 0.02 0.02  
   0.02 0.88 0.02   
   0.02 0.93  0.02  
Note: Model output for the fractions of food sources contributing to the predictive 
diet by season: winter and summer in Table 7-7, Chapter 7. 
 
